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ABSTRACT 
LIGAND CENTERED REACTIVITY OF METAL STABILIZED THIYL RADICALS IN 
SOLUTION, SOLID AND GASEOUS PHASE 
Rajat Rajat 
APRIL 29.2014 
This thesis presents ligand centered reactivity studies of metal stabilized thiyl radicals in 
solution, solid, and gaseous phases for catalysis and sensing based applications. Chemical 
oxidation of tris(2-diphenylphosphinebenzenethiolato )ruthenate(II) [Ru -1]- with 
ferrocenium hexafluorophosphate in the presence of ethylene yields [Ru-1·C,H.]PF6, from 
addition of the alkene across cis sulfur sites. In the presence of base [Ru-1·C,H.]+ is 
selectively deprotonated at the pseudoequatorial proton on the carbon a to the sulfur trans 
to phosphorus, yielding the vinyl metallosulfonium derivative [Ru-1·C,H3]. "H and 31p NMR 
spectra of [Ru-1'C,H3 ] are temperature dependent, associated with inversion of the sulfur 
lone pair at the vinyl metallosulfonium. The activation energy for the fluxional process 
calculated using density functional theory (B3LYP jLANL2DZ+6-31g) of 14.36 kcaljmol is 
consistent with the experimentally determined value of 13.08 kcaljmol. Addition of 
hydrochloric acid to [Ru -1'C,H3 ] regenerates [Ru -1·C,H.]+. Addition of DCl confirms the 
selectivity of this reverse reaction. In presence of excess base, the vinyl metallosulfonium 
complex [Ru-1'C,H3 ] undergo C-S bond cleavage under refluxing conditions, yielding S-
oxygenated derivatives of [Ru-1]- and a functionalized organic product. 
In collaboration with Professor Hao Chen from Ohio University, the ligand-centered gas 
phase reactivity studies of [Ru-1]' are performed by mass spectrometry (MS) in conjunction 
iv 
with ion/molecule reactions. The addition reactions of [Ru-i]+ and its fragments with 
alkenes and dimethyldisulfide (via. characteristic CH3S· transfer) in the gas phase are 
indeed observed, indicating the preserved thiyl diradical core structure is responsible for 
the addition reaction. Similar thiolate complexes, including [Re-i] and [Ni-i], were also 
examined and the addition of ethylene was not observed indicating lower reactivities of 
[Re-i]+ and [Ni-i]+ in comparison to [Ru-i]+. 
In collaboration with Professor Francis P. Zamborini in University of Louisville, a highly 
selective chemiresistive ethylene sensor based on reversible and selective ligand-centred 
substrate binding to a metal-stabilized thiyl radical has been developed. The solid-state 
device efficiently differentiates between ethylene and other alkene analytes. The sensor is 
prepared by simple dropcast deposition of the complex as a film across a microgap gold 
electrode. 
v 
TABLE OF CONTENTS 
PAGE 
ACKNOWLEDGEMENTS ......................................................................................... .iii 
ABSTRACT ................................................................................................................ iv 
LIST OF FIGURES .................................................................................................... xii 
LIST 0 F SCHEMES .................................................................................................... xx 
LIST 0 F TABLES ................................................................................................... xxii 
INTRODUCTION 
1.1. Scope of the Thesis ....................................................................................................... 1 
1.2. Non-innocent redox active ligands .................................................................... 2 
1.3. Organic thiyl radical reactivity ......................................................................... 6 
1.4. Metal stabilized thiyl radicals ........................................................................... 7 
1.5. Alkene addition to metal-stabilized thiyl radicals ......................................... 8 
1.6. Alkene addition to Ruthenium and rhenium stabilized thiyl radicals ....... 11 
1.7. Base induced eliminations ................................................................................. 14 
1.8. Ion molecule reactions in gas phase ................................................................ 16 
1.9. Kenttamma Reaction .......................................................................................... 17 
1.10. Ethylene sensors and detector ....................................................................... 18 
EXPERIMENTAL METHODS 
2.1. Experimental methods for solution phase reactivity studies ...................... 21 
2.1.1. Materials and reagents ......................................................................................... 21 
2.1.2. Synthetic methods ................................................................................................ 22 
vi 
2.1.2.1. [(2 -diphenylphosphinebenzenethiolato)( ethane-1,2 -diylbis(thio- 2,1-
phenylene )diphenylphosphine )ruthenium(II)] hexafluorophosphate, [Ru-
1,C2H4]PF6 .......................................................................................................................................................................................................................... 22 
2.1.2.2. [(2 -diphenylphosphinebenzenethiolato)( ethene-1,1-diylbis(thio- 2,1-
phenylene )diphenylphosphine )ruthenium(II)], [Ru-1·C2H3] ............................................. 22 
2.1.2.3. [(2-diphenylphosphinebenzenethiolato) (d -ethane-1,2 -diylbis(thio- 2,1-
phenylene )diphenylphosphine )ruthenium(II)] chloride, [Ru1·C2H3D]CI ....................... 23 
2.1.2.4. (2 -( diphenylphosphanyl)b enzene-1-sulfenicacid) (2-
(diphenylphosphanyl)benzene-1-sulfinato) (2-( diphenylphosphanyl)benzene-1-
thiolato )ruthenium(II) .................................................................................................... 23 
2.1.3. Electrochemical methods ....................................................................................................... 24 
2.1.3.1. Square wave voltammetry ................................................................................. 24 
2.1.3.2. Cyclic Voltammetry ............................................................................................ 25 
2.1.4. X-ray crystallography methods ........................................................................... 25 
2.1.4.1. Crystallography methods for [Ru-1·C2H3] ....................................................... 25 
2.1.4.2. Crystallography studies of Ruthenium coordinated sulfenic acid ................ 26 
2.1.5. NMR Methods ....................................................................................................... 26 
2.1.5.1. Variable temperature NMR on varian 400 MHz and 500 MHz ...................... 26 
2.1.5.2. Set up, changing temperature and finishing the experiment ......................... 27 
2.1.5.3. Determining the energy of activation parameters from dynamic NMR 
experiments ...................................................................................................................... 28 
2.1.6. Computational methodology ................................................................................. 29 
2.1.6.1. Computational studies of [Ru-1·C2H3] .............................................................. .30 
vii 
2.1.6.2. Computational studies of Ruthenium coordinated sulfenic acid ................... .30 
2.2. Experimental methods for gas phase reactivity studies .............................. 31 
2.2.1. Materials and reagents ....................................................................................... .31 
2.2.2. Ion molecule reaction apparatus ......................................................................... .32 
2.3. Experimental methods for solid phase reactivity studies ........................... 33 
2.3.1. Modification of electrode surface ....................................................................... .33 
2.3.1.1. Fabrication and cleaning of electrode device before deposition of 
films .................................................................................................................................. .34 
2.3.1.2. Drop casting at Au - electrode device surface ............................................................. 34 
2.3.1.3. Au-Self Assembled Monolayers (SAM) at Au - electrode device 
surface ............................................................................................................................. .34 
2.3.1.4. Au-Multilayers atAu - electrode device surface ................................................ .34 
2.3.2. Flow meter calibration ......................................................................................... .35 
2.3.2.1. Set up and experiment with calculations .......................................................... .35 
2.3.3. Chronoamperometry measurements for ethylene detection ........................... .36 
LIGAND CENTERED REACTIVITY IN SOLUTION PHASE 
3.1. Introduction ......... ................................................................................................ 37 
3.2. Synthesis and Characterization ........................................................................ 38 
3.2.1. Synthesis of [Ru-1'C2H3] and [Ru-1·C2H4]+ ......................................................... .38 
3.2.2. Electrochemical characterization of [Ru-1'C2H3] and [Ru-1·C2H4]+ ................. .39 
3.2.3. ESI-MS characterization of [Ru-1'C2H3] and [Ru-1·C2H3D]+ ........................... ..41 
3.2.4. Synthesis and Characterization of S-Oxygenated and functionalized organic 
product.. .......................................................................................................................... ..43 
viii 
3.3. Structure investigations ..................................................................................... 45 
3.3.1. Structural characterization of [Ru-1·C2H3] ......................................................... 45 
3.3.2. Comparison of structure of [Ru-1,C2H3] and [Ru-1·C2H4]+ ................................. 47 
3.4. NMR investigations ............................................................................................ .49 
3.4.1. NMR Characterization of [Ru-1'C2H3], [Ru-1·C2H4]+ and [Ru-
1·C2H3D]+ .................................................................................................................................................... .50 
3.4.2. Variable temperature NMR of [Ru-1'C2H3] ............................................................ 57 
3.5. Computational studies ....................................................................................... 61 
3.5.1. Inversion of the S2 lone pair ................................................................................. 61 
3.5.2. Rotation of the vinyl moiety .................................................................................... 62 
3.5.3. Hopping between S2 and S3 of [Ru-1·C2H3] ......................................................... 63 
3.6. Structural determination of ruthenium coordinated sulfenic acid ............ 64 
3.7. Computational studies of ruthenium coordinated sulfenic acid ................ 67 
3.8. Conclusions ......................................................................................................... 69 
LIGAND CENTERED REACTIVITY IN GASEOUS PHASE 
4.1. Introduction ........................................................................................................ 74 
4.2. Study of ion molecule reactions at low pressure .......................................... 75 
4.3. Reaction of oxidized metal thiolate complex ions with C2H4 ....................... 78 
4.3.1. Mass spectrometric analysis of oxidized metal thiolates .................................. 78 
4.3.2. Gas phase reactivity of oxidized metal thiolates with ethylene ........................ 80 
4.3.3. Gas phase reactivity of oxidized metal thiolates with various alkene 
substrates ........................................................................................................................ 85 
4.3.4. Gas phase reactivity studies with fragment ions of [RuL3]+ .............................. 86 
ix 
4.4. Kentamma reactions .......................................................................................... 86 
4.4.1. Addition reactions between oxidized metal thiolates and dimethyldisulfide 
CH3SSCH3 ......................................................................................................................... 86 
4.4.2. Atmospheric pressure and low pressure ion molecule reactions with 
CH3SSCH3 .......................................................................................................................... 87 
4.5. Conclusions .......................................................................................................... 88 
LIGAND CENTERED REACTIVITY IN SOLID PHASE 
5.1. Introduction ...................................................................................................... 90 
5.2. Immobilization of [Re-l]+ for solid phase ligand centered reactivity ..... 91 
5.3. Ethylene detection by rhenium stabilized thiyl radicals films .................. 92 
5.3.1. Reversible ethylene binding observed with 100% ethylene .......................... 93 
5.3.2. Calibration of chemiresistive ethylene sensor .................................................. 95 
5.4. Selectivity Studies with 1- Hexene .................................................................. 99 
5.5. Conclusions ........................................................................................................ 100 
CONCLUSIONS 
6.1. Ligand centered reactivity in solution phase .............................................. 103 
6.1.1. Selective and reversible protonationjdeprotonation ..................................... 103 
6.1.2.Catalytic deuteration with ruthenium eRu) and rhenium eRe) co ordinated thiyl 
radicals .......................................................................................................................... 103 
6.2. Ligand centered reactivity in gas phase ...................................................... 104 
6.2.1. Ligand center reactivity with variety of substrates ....................................... 105 
6.2.2. Modification of metal thiolate complexes ........................................................ 105 
6.3. Solid phase reactivity ....................................................................................... 106 
x 
6.3.1. Selective, sensitive and stable chemiresistive ethylene sensor ....................... 107 
6.3.2. Film modification with Au -Self Assemble monolayers and Multilayers 
assembly ......................................................................................................................... 109 
6.3.3. Film modification with Silver nanowire formation on Au-Inter Digitated Array 
electrodes ...................................................................................................................... 110 
REFERENCES ......................................................................................................................... 114 
APPENDIX A ...... ................................................................................................... ...... 129 
CURRICULUM VITAE ................................................................................................ 144 
xi 
LIST OF FIGURES 
PAGE 
Figure 1.1: (a) Dianionic bidentate ligand (U·) with closed shell form and Ni (IV) 
oxidation state (b) Neutral bidentate ligand with Ni(O) oxidation state (c) 
Experimentally measured Ni(II) oxidation state coinciding with one elctron reduced 
redox active ligand centered radical model .................................................................. 3 
Figure 1.2: Effect of metal d-orbital and sulfur p-orbital energies on 
oxidation ........................................................................................................................... 8 
Figure 1.3: Metal stabilized thiyl radical [M-l]n complexes of the 
diphenylphosphinobenzenethiolate (DPPBT) ligand ................................................... ll 
Figure 1.4: Sulfonium character ofthioether donor as a function of bond 
covalency .......................................................................................................................... 14 
Figure 1.5: Ion/molecule reaction of [M-L]+ with dimethyl disulfide (i.e., the 
KenWimaa reaction) in which the characteristic CH3S' transfer occurs, both at 
atmospheric pressure and also at low pressure (-mTorr) indicating [M-L( as a 
distonic radical cation with separate charge and radical center ................................. 18 
Figure 1.6: Ethylene sensor types A. Gas Chromatography B. Photoacoustic 
spectroscopy C. Colorimetric [M=Pd, Pt; Ethylene reversible oxidation] D. 
Photoluminscent AgBF4' thin films E. Metal oxides [viz. Sn02, Ti02, W03, 
ZnO] ................................................................................................................................... 21 
xii 
Figure 2.7: Exchange rate between interconverting species in comparison to NMR 
time scale ...................................................................................................................... .35 
Figure 2.8: Au-SAM formation by Ulman method .................................................... 40 
Figure 2.9: Soap Bubbler for calibration offlowmeters ........................................ ..41 
Figure 3.1: Squarewave voltammograms of [Ru-1Htop), [Ru-l,C2H3] (center), and 
[Ru-l.C2H4]+ (bottom) in dichloromethane or acetonitrile with 0.1 M 
tetrabutylammonium hexafluorophosphate as supporting electrolyte. Potentials 
referenced to Fc+ jFc using an internal standard .................................................... 50 
Figure 3.2: Cyclicvoltammogram of [Ru-l.C2H3] in acetonitrile with 0.1 M 
tetrabutylammonium hexafluorophosphate as supporting electrolyte. Potentials 
referenced to Fc+ jFc .......................................... ......................................................... 50 
Figure 3.3: ESI-MS of [Ru-l,C2H3] with theoretical (M+H)+= 1009.1018, accuracy = 
4.0 
ppm ................................................................................................................................ 52 
Figure 3.4: +ESI-MS of [Ru-l.C2H3D]+ .......................................................................... 52 
Figure 3.5: lH NMR of [Ru-l.C2H3] in excess base ..................................................... 55 
Figure 3.6: gHSQCAD NMR of [Ru-l,C2H3] in excess base ....................................... 55 
Figure 3.7: 13C NMR of [Ru-l,C2H3] in excess base .................................................. 56 
Figure 3.8: ORTEpl.l representation of [Ru-l·C2H3] .............................................. 57 
Figure 3.9. lH NMR of [Ru-l·C2H4]+ ........................................................................ 62 
Figure 3.10. gCOSY NMR of [Ru-l·C2H4]+ ................................................................. 62 
Figure 3.11. 13C NMR of ethylene linker C2H4 (top) and [Ru-l.C2H4]+ 
(bottom) ....................................................................................................................... 63 
xiii 
Figure 3.12. lH NMR of [Ru-1·C2H3D]+ ..................................................................... 64 
Figure 3.13. gCOSY NMR of [Ru-1·C2H3D]+ ............................................................... 65 
Figure 3.14. 13C NMR of C2H3D deuterated ethylene linker (top) and [Ru-1·C2H3D]+ 
(bottom) ..................................................................................................... 66 
Figure 3.15. Variable temperature 31p NMR spectra of [Ru-1·C2H3] ................... 67 
Figure 3.16. 1H NMRof[Ru-1,C2H3] at (Top) low temperature (223 K) and (Bottom) 
high temperature (363K) ........................................................................ 68 
Figure 3.17. gCOSY NMR of[Ru-1.C2H3] of at 223 K (top) and 363K 
(bottom) .................................................................................................................................... 69 
Figure 3.18. 13C NMR of [Ru-1.C2H3] at 343 K ......................................................... 70 
Figure 3.19. gHSQCAD NMR of [Ru-1.C2H3] at 363 K ............................................. 70 
Figure 3.20. Calculated relative free energies of [Ru-1,C2H3] as a function of the Ru-
S2 -C19-C5 5 torsion angle representative of a sulfur lone pair inversion at 
S2 .................................................................................................................................. 72 
Figure 3.21. Calculated relative free energies at different Ru-S2-C55-C56 dihedral 
angles representing a rotation of the vinyl group about the S2-C55 bond 
axis ..................................................................................................................... 73 
Figure 3.22. ORTEP representation of the asymmetric unit of 1 in C2/C space 
group .......................................................................................................................... 77 
Figure 3.23. A view of the unit cell in the C2/c space group showing eight 
equivalents of 1 and the partial occupancy water ............................................... 82 
Figure 3.24. Space filling model of [Ru-1,C2H4] showing the site of selective 
deprotonation at the pseudoequatorial site H4 .................................................... 82 
xiv 
Figure 4.1. Scheme showing the 2000 QTRAP instrument modified for carrying out 
the ion/molecule reactions (a) at low pressure and (b) at atmospheric pressure, L= 
dipheniylbenzenethiola te .................................................................. 90 
Figure 4.2. MS spectra showing the tested ion/molecule reactions of (a) the 2,4,6 -
triphenylpyrylium (m/z 309) with propylamine; (b) [insulin+SH]S+ ion(m/z 1147) 
with propylamine and (c) GS+' (M/Z 307) with CH3SSCH3·L= 
dipheniylbenzenethiola te ......................................................................................... 91 
Figure 4.3. Metal thiolate ESI-MS spectra of (a) 100 [!M [PPN]+[RuL3L (c) 100 [!M 
ReL3, ( e) 100 [!M NiL2 in acetonitrile containing 1 mM LiOTf. cm MS/MS spectra of 
(b) [RuL3]+ (mjz 981), (d) [ReL3]+ (mjz 1066), (f) [NiL2]+ (mjz 644), The insets in 
(a), (c) and (e) show the theoretical (bottom) and experimental (top) isotope 
distributions of the resulting oxidized metal thiolate ions. L= 
dipheniylbenzenethiola te ...................................................................................... 92 
Figure 4.4 (a) MS spectrum showing the ion/molecule reaction of [RuLl (mjz 981) 
with C2H4; (b) cm MS/MS spectrum of the reaction product ion of [RuL3'C2H4( (mjz 
1009); (c) ESI-MS spectrum of authentic sample [RuL3'C2H4( CI', the inset shows 
the theoretical (bottom) and experimental (top) isotope distributions of the 
resulting of [RuL3'C2Hl (mjz 1009) and (d) cm of the ion [RuL3'C2Hl generated 
by ESI from authentic sample; (e) MS spectrum showing the ion/molecule reaction 
of [ReLl (mjz 1066) with C2H4; (f) MS spectrum showing the ion/molecule 
reaction of [NiLX (mjz 644) with C2H4 . The reaction products of [ReLl and [NiLX 
xv 
with C2H4 were not observed, L= 
dipheniylbenzenethiola te ..................................................................................... 95 
Figure 4.5. MS spectrum showing the ion/molecule reaction of [RuL3]' with C2H4' L= 
dipheniylbenzenethiola te ....................................................................... 95 
Figure 4.6. MS spectra showing the ion/molecule reactions of [RuLl (mjz 981) 
with (a) cyclohexene; (b) 1-hexene; (c) acetone; and (d) acetone-d6. All the additions 
were successful, L= dipheniylbenzenethiolate ......................... 97 
Figure 4.7. ESI-MS spectra of [PPN]+[RuL3]' in the presence of (a) cyclohexene; (b) 1-
hexene; (c) acetone; and (d) acetone-d6. L= dipheniylbenzenethiolate 
Figure 4.10: MS spectra showing the gas phase reactions of the ion of (a) mjz 903; (b) 
mjz 688; (c) mjz 997; (d) mjz 872 and (e) mjz 796 with ethylene, L= 
dipheniylb enzenethiola te ..................................................................................... 97 
Figure 4.8. MS spectra showing the ion/molecule reactions of (a) [RuLl (mjz 981), 
(b) [ReLl (mjz 1066), and (c) [NiLl (mjz 644) with CH3SSCH3.L= 
dipheniylb enzenethiola te ...................................................................................... 98 
Figure 4.9. cm MS/MS spectrum of the atmospheric pressure ion/molecule reaction 
product ions of (a) [RuL3+CH3S0 -H( (mjz 1027); (b) [ReL3+CH3S 0 -H( (mjz 1113) 
and (c) [NiL2+CH3S o-H( (mjz 691), L= 
diphenylbenzenethiolate ....................................................................................... 99 
Figure 4.10: ESI-MS spectra in the presence ofCH3SSCH3. Note the formation of 
CH3So transfer product at (a) mjz 1027, (b) mjz 1113 and (c) mjz 691 resulting 
xvi 
from the atmospheric pressure ion/molecule reactions of CH3SSCH3 with [RuL3( 
(mjz 981), [ReLt (mjz 1066), and [NiLl (mjz 644), respectively, L= 
dipheniylbenzenethiolate .......................................................... 100 
Figure 4.10: (a) cm MS/MS spectrum of the reaction product ion of [RuL3+CH3S 0 -
H( (mjz 1027); (b) MS spectra showing the ion/molecule reactions of [RuLt with 
CD3SSCD3; (c) cm MS/MS spectrum of the reaction product ion of [RuL3+CD3S o -H( 
(mjz 1030), L= 
diphenylbenzenethiolate ...................................................................................... 101 
Figure 5.1.Schematic of metal-stabilized thiyl radical film (blue circles) deposited as 
a film bridging the 23 [lm gap between the gold electrodes El and E2 . 
.............................................................................................................................. 107 
Figure 5.2. (a) Design of electrode device (b) Drop casting at Au-electrode 
surface ..................................................................................................................... 108 
Figure 5.3.Chronoamperometry measurements for ethylene 
detection .......................................... ... ...... ... ..................... ... ......... ... ...... ... ............... 109 
Figure 5.4. Plot of current(nA) versus time (s) for a microelectrode coated with a 
[Re-l]+ film with cycling of an ethylene (green dot) and nitrogen (blue dot) 
atmosphere .................................................................................................. 110 
Figure 5.5. Fall in current due to localized spin desnity and and rise in current due to 
delocalization of spin density ................................................................... 110 
Figure 5.6. Plot of current response percent versus C2H4 concentration (0.8 % to 
31.2 %) for [Re-l]+ coated microelectrodes ............ ........................ ............... 112 
xvii 
Figure 5.7. Chronoamperometry measurement for 31.6% ethylene 
detection ................................................................................................................... 112 
Figure 5.8: Chronoamperometry measurement for 11.12% ethylene 
detection .................................................................................................................. 113 
Figure 5.9: Chronoamperometry measurement for 11.12% ethylene 
detection .................................................................................................................. 113 
Figure 5.10: Chronoamperometry measurement for 3.96% ethylene 
detection .................................................................................................................. 114 
Figure 5.11: Chronoamperometry measurement for 2.82% ethylene 
detection ................................................................................................................... 114 
Figure 5.12: Chronoamperometry measurement for 0.86% ethylene 
detection .................................................................................................................... 115 
Figure 5.13: Plot of normalized current versus time( s) for [Re-l]+ coated Au 
microgap electrodes in the presence of 19.3% ethylene (blue) and 19.3% 1-hexene 
(red) at 19.5 °C ............................................................................................ 116 
Figure 5.14: (a) modified electrode surface (b) Plot of current (nA) versus time (s) 
for a microelectrode coated with a [Re-l]+ film with cycling of an ethylene (green 
dot) and nitrogen (blue dot) atmosphere. (c) Mode of detection of 
ethylene ................................................................................................................. 118 
Figure 6.1. Selective and reversible deuteration of ethylene via ruthenium 
coordinated dithioethers .................................................................................... 123 
Figure 6.2: Multiple deuteration cycles with vinyl metallosulfonium complex of 
rhenium (Re) ..................................................................................................... 124 
xviii 
Figure 6.3: Tridentate 1,4,7-trithiacyclononane ligand ...................................... 126 
Figure 6.4: Metal thiolate complexes of earth abundant metals and TTCN ligands 
with dithiyl radical core .......................................................................................... 126 
Figure 6.5: Ag nanowire formation at Au-IDA electrodes ................................. 128 
Figure 6.6: Schematic diagram of Ag nanowire formation at the electrode 
surface ....................................................................................................................... 129 
Figure 6.7: A sub-ppm level ethylene sensing regime ............................................. 130 
xix 
LIST OF SCHEMES 
PAGES 
Scheme 1.1: Hydrogenation and hydrosilylation of alkenes using iron(O) bisnitrogen 
complex ............................................................................................................................ 4 
Scheme 1.2: Nitrene group transfer to electron poor d(O) Tantalum (V) 
metals .............................................................................................................................. 5 
Scheme 1.3: C-C coupling of alkyl halides and organozinc reagents using redox active 
amidophenolate ligands .................................................................................................. 5 
Scheme 1.4: Thiyl radical reactivity ................................................................................ 6 
Scheme 1.5: Reversible ethylene addition to nickle dithiolene .................................... 9 
Scheme 1.6: Addition of diene to platinum bis( dithiolene) ........................................ 10 
Scheme 1.7: Acrylonitrile addition to [(TJ6-C6Me6)RuL]+ ............................................. 11 
Scheme 1.8: Oxidation of [Ru-l]' in presence of alkenes ............................................. 12 
Scheme 1.9: Reversible ethylene addition to [Re-l]n+ ................................................. 13 
Scheme 1.10: Base induced elimination ....................................................................... 15 
Scheme 1.11: Reversible deprotonation of [M(TTCN)J3+ yields a vinyl 
metallosulfonium complex ............................................................................................ 15 
Scheme 1.12: Nucleophillic attack on vinyl metallosulfonium ..................................... 16 
Scheme 1.13: Immobilized rhenium stabilized thiyl radicals as ethylene 
sensors ............................................................................................................................ 19 
xx 
Scheme 1.14: Immobilization strategies ...................................................................... 19 
Scheme 3.1: Functionalization of olefins using cobalt dinitrosoalkane 
complex ............................................................................................................................ 46 
Scheme 3.2: Ligand centered reactivity of [Ru-1]' and its derivatives ....................... 49 
Scheme 3.3: Aerobic reaction of [Ru-1,C2H3] with excess base ................................... 53 
Scheme 3.4: Synthetic pathways of ruthenium coordinated sulfenic acid ................ .54 
Scheme 3.5: Functionalization of olefins with cobalt dinitrosoalkanes ..................... 79 
Scheme 3.6: Base deprotonation of metal dithioether via unstabilized carbanion 
formation yields vinyl metallosulfonium complex ...................................................... 80 
Scheme 3.7: Nucleophillic attack at vinyl metallosulfonium complex [Ru-1'C2H3] 
yields S-oxygenated complexes ..................................................................................... 81 
Scheme 3.8: S3 thiolate of [Ru-1'C2H3] as favored nucleophile ................................... 82 
Scheme 4.1: Oxidation of (a) [PPN]+[RuL3j', (b) ReL3 and (c) NiL2 during the ESI 
ionization process. The observed cations [RuL3]+ (mjz 981), [ReL3]+ (mjz 1066), and 
[NiL2]+ (mjz 644), are regarded as metal-stabilized thiyl radicals, L= 
dipheniylbenzenethiola te ............................................................................................... 93 
Scheme 4.2: Addition reaction of [Ru-L3]+ with alkenes and methyl ketones, L= 
dipheniylbenzenethiola te ............................................................................................... 96 
Scheme 6.1: Catalytic functionalization of alkenes with successive ligand centered 
reactions of oxidized metal thiolates .......................................................................... 122 
xxi 
LIST 0 F TABLES 
PAGES 
Table 1: Ethylene gas calibration with flowmeters 1,3 and 4 ............................ 42 
Table 3. Crystal data and structure refinement for [Ru-1·C2H3]·2.5 C7Hs ........... 58 
Table 4: Selected bond distances (A) and bond angles CJ for [Ru-1'C2H4]+1 and [Ru-
1·C2H3] ...................................................................................................................... .59 
Table 5. Selected NMR parameters for [Ru-1'C2H4]+, [Ru-1'C2H3D]+, and [Ru-
1·C2H3] .......................................................................................................................... 61 
Table 6. Calculated relative energies of vinyl metallosulfonium complexes with the 
substituent on the sulfur trans to sulfur (tS) or trans to phosphorus (tP) for [Ru-
l'C2H3] (left) and its truncated derivatives [(DMPBT)2(DMPBT'C2H3)Ru] (center) 
and [(PBT)2(PBT'C2H3)Ru] (right) ............................................................................ 74 
Table 7: Crystal data and structure refinement for C54 H43.17 03.09 P3 Ru S3 .......... 75 
Table 8 Percent current response for [Re-1]+ coated Au microgap electrodes in the 
presence of various C2H4concentrations ................................................................. 111 
T bl 9· A' . P- 10 [A· {S/C+T}] . h 117 a e . ntome equatIOn - Wit parameters .............................. .. 
xxii 
1.1 Scope of the Thesis 
CHAPTER 1 
INTRODUCTION 
This thesis presents ligand centered reactivity studies of metal stabilized thiyl radicals 
in solution, solid, and gaseous phases for catalysis and sensing based applications. Ligand 
centered reactivity of ruthenium eRu) and rhenium eRe) stabilized thiyl radicals with 
various alkenes are studied using air free synthesis, dynamic nuclear magnetic resonance 
(NMR) spectroscopy, electrochemistry, mass spectrometry, elemental analysis, surface 
modification methods, X-ray crystallography, and density functional theory (DFT) 
calculations. Dynamic NMR spectroscopy supported by DFT is a useful tool to investigate 
the chemical and physical changes of metal complexes occurring with time. Electrochemical 
methods and surface modification methods provide detailed understanding of the chemical 
behavior of the intermediate metal complexes species in solution and solid phase studies 
respectively. 
The first chapter introduces the current interest in the ligand-centered reactivity of 
transition metal complexes utilizing redox active ligands. It also describes metal stabilized 
thiyl radicals and the importance of harnessing their unique reactivity in solution, solid, and 
gaseous phases. Chapter 2 contains the experimental details including dynamic NMR 
spectroscopy, X-ray crystallography, electrochemical methods, surface modification 
methods, synthetic methodology, and the basics of computational calculations. 
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Mainly through dynamic NMR and DFT calculations, Chapter 3 discusses the 
development of a reversible and selective ligand centered reactivity of ruthenium stabilized 
thiyl radical complex allowing deuteration of the coordinated ethylene. It also discusses a 
structural reinvestigation, supported by DFT, of a novel ruthenium sulfur-oxygenate with 
with three sulfur donors in distinct oxidation states; thiolato, sulfinato and sulfenic acid. 
Chapter 4 leads through mass spectrometric analysis of the gas phase ligand center 
reactivity of the metal stabilized thiyl radicals (Ru, Re, Ni) and proves the necessity of a 
diradical core for alkene addition across the redox active ligand and how radical and charge 
centers are separate in metal stabilized thiyl radical complex. Chapter 5 focuses on the solid 
phase ligand center reactivity studies of immobilized rhenium stabilized thiyl radical 
complex using electrochemical and surface modification methods. The scope of ligand 
centered reactivity studies is abridged in the form of conclusions in chapter 6. 
1.2 Non-innocent redox active ligands 
The metal complexes described in this dissertation contain non-innocent redox active 
ligands. The term redox active ligand refers to complexes where the oxidation state 
assignments for the transition metal do not comply with their experimentally measured 
oxidation states. This ambiguity arises due to the fact that ligands in these transition metal 
complexes behave non-innocently by undergoing oxidation or reduction at their ligand sites 
in contrast to the typical metal centered redox events.1.1 Common examples of redox active 
non-innocent ligands are dithiolenes, diimines, dioxalenes, carbenes, alkenes, alkynes, 
dienes, and porphyrins.1.'.5 
Eisenberg and Gray showed that the explanation for oxidation state of square planar 
Ni(II) complexes with dithiolene, quinone and amido phenolate (redox active non innocent 
ligands) lies in the ligand centered radical model instead of the traditional n-acid modep·6·7 
Figure 1.1 shows a four coordinated, square planar Ni(II) complex with dithiolenes as a 
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representative model of redox active non-innocent ligands. Figure 1.I(a) and 1.I(b) are two 
examples of 'IT-acid models where the bidentate ligand is either in the two electron reduced 
(12.) closed shell form (leading to a formal oxidation state of Ni(IV) or the neutral (LO) 
closed shell form (leading to a formal oxidation state of Ni(O). The coherence with the 
experimentally measured diamagnetic Ni(I1) state can be best explained by the ligand 
centered radical model, Figure 1.I(c), where each bidentate chelate exists as a one electron 
reduced, non-innocent redox active ligand. Anti-ferromagnetic coupling of the two ligand 
radicals accounts for diamagnetic (5 = 0) ground state. 
• 
··8· ··8· S S · s· ··s·· ( f() C f(J ( f() 
.s .. s. s s .s .. s 
•• •• •••• •• •• 
2 L 2-. Ni4+ , 2 r-· Ni2+ , 
Figure 1.1: (a) Dianionic bidentate ligand (L2-) with closed shell form and Ni (IV) oxidation state (b) 
Neutral bidentate ligand with Ni(O) oxidation state (e) Experimentally measured Ni(II) oxidation state 
coinciding with one elctron reduced redox active ligand centered radical model 
Metalloenzymes take advantage of redox active ligands for catalysis. Most 
metalloenzymes contain first-row transition metal centers like Fe, Cu, etc. that generally 
undergo one electron oxidation/reduction reactions. However, most organic reactions 
catalyzed by these enzymes are two (or four electron) transformations. The coordination of 
redox active ligands allows first row metals to more readily facilitate these reactions. Classic 
examples include the redox active porphyrin ligand in cytochrome P450 and other heme 
proteins and the the phenolate/phenoxyl donor to CU(I1) in galactase oxidase.l .B· lO 
A similar concept of coupling first-row transition metals with redox active ligands 
has attracted interest of synthetic chemists. Applications include sustainable fuel 
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production and catalysis of challenging reac t ions using readily available earth abundant 
metals (e.g.: Fe, Co and Ni) and redox active ligands. The occurrence of redox events at the 
ligand center is, by itself, a huge leap towards the ligand-cent ered reactivity with focus 
towards synthesizing new redox active molecules for previously unraveled catalytic organic 
t ransformations, funct ional mimics of met alloenzymes and energy conversion multi-
electron pathways. 
Recent ly, t he redox active ligand bis(imino)pyridine was uti lized by Chirik for 
catalytic hydrogenation and hydrosilylation of alkenes and cyclizat ion of enynes and diynes, 
Scheme 1.1.111-1Z The high-spin, square pyramidal iron(O) bis(dinitrogen) complex 
iPrPDIFe(Nz)z where iPrpDI " ((2,6-CHMez)ZC6H3N"CMez)CsH3N; X " Cl, Br) are efficient 
dinitrogen precatalysts (~ 0.3 mol %) for hydrogenation and anti-Markonikov 
hydrosilylation of olefins and alkynes at mild thermal conditions . 
• 
2 2, IF .. I_ • o.3%lFe) ", ~ ~ ... 
E • H or SiH2Ph 
Scheme 1.1: Hydrogenation and hydrosilylation ofalkenes using iron(O) hisnitrogen complex 
Addit ionally, the two elect ron redox capabilities of redox act ive [NON] and [NNN] 
pincer-based t ridentate ligands utilized by Heyduk show rare stoichiomet ric and catalyt ic 
nitrene transfer reactivity to electron poor d(O) metals such as zirconium(IV) and 
tantalumM ' Scheme 2.2.113-14 The vibrational spectroscopy and electrochemical 
investigations show that [NNN] redox acti ve ligand provides a more red ucin g environment 
for metal ions than [ONO] redox active ligands. But both ligand platforms can access 
catecholate, semiquinonate and quinonate oxidat ion states. Consequent ly, the resulting 
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metal imido complexes can participate in multielectron reactions such as imide reduction, 
nitrene coupling or formal nitrene transfer to isocyanide. 
Scheme 1.2: Nitrene group transfer to electron poor d(O) Tantalum(V) metals 
Also Soper and co-workers showed carbon-carbon coupling of alkyl halides and 
oranozinc reagents using highly nucleophillic redox active amidophenolate ligands, Scheme 
1.3. 1.15 The ability of redox active ligands to facilitate both 2 e- pseudo oxidative addition 
and reductive elimination reactions at mononuclear square planar cobalt (II I) complexes 
[CoIII[apAc), ]" [ap= aminophenol) depends on two aspects [1) They have diradical 5 = 1 
ground states and their reactions with haloalkanes occur without a change in oxidation 
state at the cobalt(III) centers because the redox-active aminophenol-derived ligands in 
[CoIl I( apAr)2]' supply both of the necessary redox equivalents for the net 2e- transformation. 
[2) The [Co[III)[ apAc) , ]" complexes are 200-400 mV less reducing than most cobaloxime[I) 
species. This permits their reactions with organozinc reagents to give the products of 2e-
reductive elimination, also without a change in cobalt oxidation state. 
Scheme 1.3: c-c coupling of alkyl halides and organozinc reagents using redox active amidophenolate 
ligands 
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In summary, the non-innocent redox active ligands are not simple anomalies of 
oxidation state assignments, but a tool for designing promising transition metal and main 
group complexes. Complexes with non-innocent redox active ligands are beginning of the 
advances towards catalysis, energy storage/conversions, functional group transfer and 
range of biological applications. 
1.3 Organic thiyl radical reactivity 
The ligands in this dissertation contain thiolate (RS-) sulfurs that can be oxidized to 
thiyl radicals (RS·). Organic thiyl radicals contain a radical center residing on the sulfur 
atom (S), which is further bonded to a functional group R. Depending on the nature of R, the 
radicals are classified as alkylthiyl radicals (RSe), arylthiyl radicals (ArSe) and 
acylthiylradicals [RC(O)Se / Ar(C)OSe. Thiyl radicals show anisotropic reactivity by 
undergoing addition reactions with C=C bond leading to cis-trans isomerization, sulfide 
synthesis and polymerization, Scheme 1.4.1.16-18 While the tendency of spin density to 
localize on sulfur favors the disulfide bond formation,l·19 the weak bond strength of S-H 
bond limits the H-atom abstraction by thiyl radicals.1.20-21 In this dissertation, thiyl radicals 
will be coordinated with transition metals and utilized towards further chemical 
transformations of unsaturated hydrocarbons. 
RS' I ) RS-SR 
RS· R'-H) RS-H + R~ 
IR'2c=cR'1 RSCR'i:R'2 
Scheme 1.4: Thiyl radical reactivity 
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1.4 Metal stabilized thiyl radicals 
Nucleophilic metal-coordinated thiolates are attractive precursors for non-innocent 
ligand-centered oxidations yielding metal-stabilized thiyl radicals.1.22 The enhanced 
nucleophilicity of select metal thiolates is attributed to a metal sulfur dn-pn repulsive 
interaction. This yields a highest occupied molecular orbital (HOMO) with metal-sulfur n' 
anti- bonding character including significant electron distribution on the sulfur 3p oribtal, 
Figure 1.2. As shown in the Figure 1.2 (left), if the HOMO is heavily localized towards metal 
then oxidation is considered to be metal-centered. However, if the HOMO is localized 
towards sulfur, Figure 1.2 (right), then oxidation yields a thiyl radical species. Finally, if the 
HOMO is nearly equally distributed between metal and sulfur, then oxidation results in an 
unpaired electron that is delocalized between the two centers. Thus, the one electron 
oxidation cannot be assigned exclusively as metal or sulfur-centered. Such one electron 
oxidation of metal coordinated thiolate ligands generates a metal stabilized thiyl radical. 
The dn-pn interaction between metal dn and sulfur pn orbitals is stronger than 
intraligand pn - pn interactions leading to significant localization of spin density at metal 
center and the sulfur centers.1.23-25 The stabilization imparted by metal to highly reactive 
thiyl radical is a highly controlled methodology of harnessing the thiyl reactivity towards 
unsaturated hydrocarbons. This taming of thiyl radical reactions by metals could have huge 
synthetic and industrial significance via the catalytic functionalization of various substrates 
that binds thiyl radicals. 
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Figure 1.2: Effect of metal d-orbital and sulfur p-orbital energies on oxidation 
1.5 Alkene addition to metal-stabilized thiyl radicals 
The reversible C-S bond formation between alkenes and oxidized metal dithiolenes 
was initially reported as a new paradigm in alkene purification research. The complex, later 
characterized by Wieghardt as a singlet diradical square planar diamagnetic complex, can 
be considered as a metal stabilized radical species that display oxidation/reduction 
regulated reversible ethylene addition, Scheme 1.5.1.4,Z6 In the initial report, Wang and 
Stiefel reported the mono-anionic complex [Ni(SzCz(CF3)z)z]- that undergoes 
electrochemical oxidation to neutral [Ni(SzCz(CF3)z)z] complex.1.27 This neutral complex 
binds ethylene while staying unreactive to other gaseous components such as alkanes, CO, 
CzHz and so on. The ethylene adduct [Ni(SzCz(CF3)z)z(CzH4)] is electrochemically reduced to 
a mono-anionic complex [Ni(SzCz(CF3)z)z(CzH4)]- that subsequently releases ethylene 
regenerating the [Ni(SzCz(CF3)z)z]- species. 
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Scheme 1.5: Reversible ethylene addition to nickle dithiolene 
However, Fekl et aJ. subsequently showed anomalies of this reversible addition. For 
example, the major alkene addition product is an intraligand C-S bond formation that is 
symmetry preferred. The desired interligand addition to neutral [Ni(S2C2(CF3)2)2] complex 
is symmetry forbidden unless sufficient amount of mono-anionic complex [Ni(S2C2(CF3)2)2]-
is present in-situ to influence the reaction towards favorable interligand adduct, as 
supported by DFT studies.1.28-29 Additionally, reduction induced C-S bond cleavage yields an 
unidentified metal product from further reduction of the anionic precursor complex. 
Further studies by Fekl and Hall using DFT and kinetic global analysis revealed a 
complicated mechanism for the minor, interligand product.1.30-31 A dimetallic complex that 
catalyze alkene addition across Ni-S bond, leading to lower barrier of interligand adduct.1.29 
Nevertheless, this work by Wang and Stiefel initiated the interesting research of redox 
regulated reversible alkene addition to metal co-ordinated thiolate ligands. 
In a similar reaction, Fekl et aJ. have reported the partially reversible addition of 
ethylene to molybdenum tris(dithiolene)1.28 and diene addition to platinum 
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bis( dithiolene ),1.32 Scheme 1.6. The reaction of Pt(tfd)2 [tfd = S2C2(CF 3)z] with excess 2,3-
dimethyl-1,3-butadiene initially yields the 1:1 adduct, in which the diene has added across 
two sulfur atoms on separate tfd ligands. However, within 1 day at 50°C, this kinetic 
product quantitatively converts into a thermodynamic product where two dienes have 
added to one tfd ligand via unprecedented addition across the dithiolene C-S bonds. The 




Scheme 1.6: Addition of diene to platinum bis(dithiolene) 
Similar oxidation induced C-S bond formation was reported by Goh and Webster. 
Alkene addition to (116-C6Me6) RuL (L = 3-thiapentane-1,5-dithiolate) upon chemical 
oxidation, Scheme 1.7, occurs across sulfur sites.1.33-34 The reaction occurs upon one 
electron oxidation displaying the prerequisite of diradical core for alkene addition. These 
studies are directing towards a highly desired robust redox controlled system of reversible 
alkene addition to metal stabilized thiyl radicals.1.29 
Scheme 1.7: Acrylonitrile addition to [(T)6-C6Me6)RuL]+ 
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1.6 Alkene addition to Ruthenium and rhenium stabilized thiyl radicals 
Previous studies in the Grapperhaus group have employed metal stabilized thiyl 
radical complexes based on the redox active 2-diphenylbenzenethiolate ligand, Figure 
1.3.1.3540 Tris metal-ligand complexes employing this ligand first reported by Dilworth et al. 
include the as triethylammonium salt of [Ru-l]" and [Re-l).1.4142 The trithiolato anion 
reportedly [Ru-l]" displays metal centered oxidation in dichloromethane and ligand center 
oxidations in toluene. Although the poor solubility of these complexes hindered detailed 
studies of the ligand-centered reactivity, Dilworth correctly noted that delocalized electron 
density (analogus to nickel dithiolenes) ofthese metal complexes is responsible for multiple 
redox events. 





Figure 1.3: Metal stabilized thiyl radical 1M-lIn complexes of the diphenylphosphinobenzenethiolate 
(DPPBT) ligand 
Efforts by PoturoviC1.35,37-39,43-45 and Ouch1,36,46-47 in the Grapperhaus group showed 
that the two electron chemical or electrochemical oxidation of [Ru-l]" generates a metal 
stabilized thiyl radical [Ru-l]+. The complex [Ru-l]+ adds alkenes across its cis-sulfur sites 
yielding metal dithioether complexes, [Ru-l·alkene]+, Scheme 1.B. This addition is 
irreversible generating a thermodynamically stable d6 low-spin Ru(II) product complex 
consistent with the observed rapid C-S bond formation. Cyclic voltammetric studies were 
performed to obtain detailed kinetic studies utilizing oxidized [Ru-l]+ intermediate. A 
series of alkenes such as ethylene, 1-hexene, n-propylvinyl ether, acrylonitrile, 2-ethyl-l-
butene, cyclopentene, cyclohexene, and norbornene have been added to [Ru-l]+ yielding 
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their corresponding metal dithioether complexes. The alkenes with electron releasing 
groups such as n-hexene and n-propylvinyl ether undergo faster C-S bond formation, 
consistent with electrophilic metal-stabilized thiyl radical.1.36 Conversely the alkenes with 
electron withdrawing groups such as acrylonitrile undergo slower C-S bond formation. 1.48 
The cyclic alkenes with lesser ring strain adds at the faster rate: knorbornene > kcyclopentene > 
kcyclohexene. 
RI 
- 2 e- ) 
[Ru-l]- [Ru-l·alkene]+ 
Scheme 1.8: Oxidation of[Ru-l]-in presence ofalkenes 
Unlike [Ru-1]+, alkene addition to related rhenium derivatives [Re-1]n+ (n = 0, 1, 2) 
is significantly slower, but reversible.1.49 As shown in Scheme 1.9, [Re-1]+ reversibly binds 
ethylene in a dynamic equilibrium. Purging its solution with C2H4 induces C-S bond 
formation while purging with N2 cleaves the C-S bond. There are two significant features of 
this redox controlled reversible ethylene binding. The equilibrium binding constant for the 
[Re-1]n+ (n = 0, 1, 2) increases gigantically with increases in the charge of the complex. 
Oxidation of [Re-1·CzH4]+ to [Re-1·CzH4)2+ stabilizes the C-S bonds and increases the 
equilibrium binding constant from 4.0 M-l (Kl) to 2.5 X 109 M-l (K2). Reduction of [Re-
1·CzH4]+ to [Re-1·CzH4] drastically lowers the binding affinity, (K3) , to 1.9 x 10-11 M-l. The 
total of three binding affinities ranging 20 orders of magnitude are observed in the small 
window of 240 m V. This allows access to all three binding regimes using mild oxidants and 
reductants. 
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In 2004, DFT studies by Roethlisberger et af. on a related reduction induced COS 
bond cleavage reaction showed that upon reduction of [Re(TTCN))2+ to [Re(TTCN)]+ 
(TTCN = Trithiacyclononane) lowered the activation energy barrier for ethylene from 21 
kcaljmol to 10 kcaljmol.1.48 A similar 20 kcaljmol drop was observed upon reduction of 
[Ru(TTCN))2+ to [Ru(TTCN)]+; but the barrier remained substantial at 44 kcaljmol. This is 
consistent with experimental observations that our [Re-1·CzH4]n rhenium complex loses an 
ethylene molecule immediately after reduction, while the ruthenium complex is stable 
toward such a loss. Thus the redox regulated reversible ethylene binding studies are 
confined to the rhenium complexes. 
Ph2P£ E = -340 mV 
~P I +e- +e-
Ph2 ~ 
E =+420 mV 
[Re-1j2+ ('V~~e~s E - e- ) [Re-1 j+ E - e' ) 
RPeh_21 Kl = 4.0 M-l K3 = 2.5x109 M-l 
>-< '-.JH ~H 1.9 X ~b~l M-l~ H\....,./.H H>=<H 
H" H H ' ••• ' 
..... 
::::: E = -1010 mV E = -100 mV Ph2P 
Re-1'C2H4 - e- ) [Re-1 'C2H .,+ E - e- ) ('V~~e~ 
E + e- 4J + e- ~P' I' 
Ph2 P 
Ph2 
Scheme 1.9: Reversible ethylene addition to [Re-l]n+ 
1.7 Base induced eliminations 
The addition of alkenes to metal-stabilized thiyl radicals yields metal dithioether 
complexes that further undergo a series of ligand-centered reactions.1·50-55 The 
deprotonation of select cationic dithioether metal complexes can be attributed to a reactive 
ligand center possessing partial sulfonium character. The degree of sulfonium character on 
S increases with increasing covalency of the M-S coordinate bond, Figure 1.4. For a purely 
electrostatic bond (0% covalent), the M-S bond results from a dipole-ion interaction 
between the polar thioether and the positively charged metal ion. There is no charge 
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transfer and the sulfur has no sulfonium character. On the other hand, the bonding 
electrons are equally shared between the thioether donor and the metal ion (1000/0 
covalent) the sulfur develops a positive charge of + 1 and the charge on the metal ion 
decrease by one. In this model, sulfur has 100% sulfonium character. The partial sharing of 
electrons in the M-S bond results in a partial positive charge on S with a concomitant 
decrease in the positive charge on the metal ion. In this model, sulfur has partial sulfonium 
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Figure 1.4: SuifoniuID character of thioether donor as a function of bond covalency 
Organic trialkyl sulfonium (R3S+) compounds are known to undergo base induced 
eliminations to yield alkenes and sulfides, is well known, Scheme 1.10.1.56 Consequently, 
metallosulfoniiums also undergo similar eliminations due to the highly electrophilic partial 
sulfonium character of a thioether sulfur donor. A number of cationic dithioether metal 
complexes have been reported to undergo base induced eliminations yielding a metal 
complex with one thiolate and one vinyl sulfide donor. Wieghardt reported such reactions 
for [M(TTCN)2)3+ complexes (M = Co, Rh, Ir) more than 20 years ago, Scheme 1.11.1.57 In this 
paper, the reversible deprotonation/protonation of the [Co(TTCN)2]3+ species at pKa of 4.0 
in aqueous conditions is an example of earth abundant metal dithioether complex as a vinyl 
metallosulfonium precursor. Above pKa of 4.0, the aqueous conditions are basic enough so 
the Co (III) species undergo deprotonation and below the pKa of 4.0, the Co (II) species 
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undergo reprotonation. The deprotonation of [M(TTCN)zP+ complexes yields one thiolate 
and vinyl sulfide substituent. The further reactivity studies of this vinyl metallosulfonium 
substituent with excess base is important for understanding the catalytic functional group 
transformations with nucleophiles.1.33.s8 
D Cj) D ;:::§~R + OH9 ----+) ;:::§ + 'R + H20 
trialkylsulfonium 
R ,+ 
'" .. M:;"~:; + OH9 __ ~) 
R/ ·· 
metallosulfonium vinyl metallosulfonium 
Scheme 1.10: Base induced elimination 
~S~13+ S(:pS base) 
SGPS (acid 
~S~ 
Scheme 1.11: Reversible deprotonation of [M(TTCN))3+ yields a vinyl metallosulfonium complex 
Goh and Webster have reported the [(1']6-C6Me6)Ru(TTCN)]2+ complexes that 
undergo further reactivity. Following base-induced ring opening, additional base results in 
intramolecular C-C coupling between the C6Me6 ring and the vinyl sulfide, Scheme 1.12.1.33-34 
The reaction occurs in the presence of excess base, which is proposed to generate a (1']6-
C6MesCH2)- carbanion that attacks the metal-coordinated vinyl sulfide. 
Scheme 1.12: Nucleophillic attack on vinyl metallosulfonium 
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In chapter 3, the base induced elimination studies with metal dithioether complexes 
are thoroughly discussed. The purpose of this study is to synthesize various vinyl 
metallosulfonium precursors and unravel their chemical behavior with variety of oxygen, 
nitrogen and carbon based nucleophiles aiming towards the identification of functionalized 
organic products. This has huge industrial and synthetic significance since it could 
potentially be utilized towards catalytic functionalization of non-activated alkenes. 
1.8 Ion molecule reactions in gas phase 
The dithiyl core of metal stabilized thiyl radicals is an essential prerequisite for addition 
reactions with alkenes across their cis sulfur sites.1.6·7 The necessity of the dithiyl radical 
core can be supported by ion molecule gas phase reactions between fragments of oxidized 
metal thiolate complexes and various alkene substrates within the mass spectrometer as 
detailed in Chapter 4. Subsequently, the fragments that do not retain the dithiyl radical core 
shall not undergo addition reactions with various substrates thus proving the necessity of 
dithiyl radical core. 
The ion molecule reactions between metal stabilized thiyl radicals (ion) and alkenes 
(molecule) are special class of ligand-centered reactions displaying redox controlled alkene 
addition to metal stabilized thiyl radicals that can be readily observed in the gaseous phase. 
1.59 Mass spectrometry in conjunction with ion/molecule reactions can be used as a tool for 
such investigation as the reactions involve many ionic reactant ions. Ion/molecule reactions 
are traditionally performed in the low pressure, very dilute environment of mass 
spectrometers, which are regarded as a powerful tool to probe key intrinsic properties and 
intrinsic reactivities of ions.1.60·63 In the absence of solvation and ion-pairing interactions, 
ion molecule reactions can reveal the subtle details of reaction mechanisms and 
unambiguously characterize ion reactivity. Many diverse ionic species have been formed, 
isolated, measured and then allowed to react in the gas-phase environment by a variety of 
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MS techniques able to determine the masses, structures (viz. the connectivities) of the ionic 
reaction products, and a number of physico-chemical properties. 
1.9 Kenttamma Reaction 
The Kenttamma reaction is a specific ion molecule gas phase reaction selective for 
distonic radical cations having separate charge and radical sites.l.64 Distonic radical cations 
are radical cation species with spatially separated charge and radical centers. Kenttamma 
et.a!. studied the gas phase ion molecule reactions between dimethyl disulfide CH3SSCH3 
molecule and various radical cations for demarcating traditional radical cations from the 
distonic radical cations. Traditional radical cations M+· undergo fast exothermic charge 
exchange with CH3SSCH3. In contrast, distonic radical cations M+· abstract the CH3S· from 
CH3SSCH3 yielding [M- CH3So]+ As a control, it was also observed that non-radical, even 
electron cations are unreactive towards CH3SSCH3. 
In Chapter 4, the gas phase ion molecule reactions pertaining to distonic radical 
cations are studied. In collaboration with professor Hao Chen at Ohio University, the 
Kentamma reaction is explored towards understanding the mechanism of alkene addition, 
disulfide bond clevages and the reversible ethylene binding with various oxidized metal 
thiolates. The disulfide bond is significant in folding and stability of proteins.l.6S.66 Also the 
S-S bond cleavage investigations are important towards understanding the proteins 
secreted through extracellular mechanism.l .67 The redox-regulated ethylene binding in gas 
phase is another important realm of ion molecule gas phase reactions of metal stabilized 
thiyl radicals. Such gas phase ion molecule reactions are significant even in its infancy 
towards ethylene purification research. 
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Kenttamaa reaction 
Abstraction of S· CH3 
[M-L]+ + CH3SSCH3 • [M-L.SCH3"]+ + SCH3" 
Distonic Dimethy/disu/fide 
Radical Cation 
Figure 1.5: Ion/molecule reaction of [M-L]+ with dimethyl disulfide (i.e., the Kenttamaa reaction) in 
which the characteristic CH3S' transfer occurs, both at atmospheric pressure and also at low pressure 
(-mTorr) indicating [M-L( as a distonic radical cation with separate charge and radical center 
1.10 Ethylene sensors and detectors 
The redox controlled reversible addition of ethylene to rhenium-stabilized thiyl 
radicals [Re-l]+ in small window of 0.240 V, Scheme 1.9 can be harnessed towards its 
ethylene sensing applications.1.27,46,68-69 Consequently, the immobilized metal stabilized thiyl 
radical complex films can act as the highly selective, sensitive and quick to target gas -based 
sensor, Scheme 1.13. 
Ph2P,Qi n+ H'--..../H Ph2P~5l n+ 
o::>~e0~'s E H~H ~ er:>~e, 
Ph2 , H 7 H Ph2 , 
P '--..../ P 
Ph2 ~ H~H Ph2 ~ 1 ImmObiluati:~"  
H~H .e-1xe-1x 
E ~H2 H----,,-
Goal: Construct an ethylene s;~:y 1 
transferring the redox regulated binding 
of ethylene observed in solution to the Ethylene Detection 
solid state. 
Scheme 1.13: Immobilized rhenium stabilized thiyl radicals as ethylene sensors 
The traditional immobilization protocols for application of the metal complex to the 
surface are: 1) Drop casting the solutions of metal complexes on electrode surface; 2) 
Electrostatic attraction between the positively charged metal complex and Au self 
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assembled monolayers (Au-SAMs) with negatively charged end groups modified; and 3) 
Forming multilayer modified electrodes that have more surface sites, 1. 14. 1.70 
~ Au -: Au -
Scheme 1.14: Immobilization strategies 
Traditional methods of ethylene detection include gas chromatography, FT -IR 
spectroscopy, thin film metal oxides, microsensors, semiconductor based chemiresistors, 
photoluminescence quenching and metal complex films, Figure 1.5.171-76 Although the gas 
chromatographyl77-7a_179 and photoacoustic spectroscopy180 based detection methods have 
detection limit of ppm to sub ppm range, yet they require collection of samples from the site 
of generation. The numerous metal oxide based detectors are known for ethylene detection 
in ppm range but they are constrained by the ambiguity of the chemical reasoning behind 
detection and also the irreversible oxidation of ethylene.176 1.81-a2 The photoluminescent 
AgBF4 impregnated films are able to detect ethylene <20 torr pressure but also detects 
carbon monoxide, ammonia and propylene.173 Also the colorimetric ethylene sensors are 
constrained by the irreversible ethylene oxidation of palladium and platinum centers.171 
Remarkably, the composite films of PtCb(olefin)(pyridine) mixed with n-
octanethiolate monolayer protected Au nanoparticles are very highly sensitive to olefins 
with parts per billion (ppb) detection limit.183 Although the olefin substrates (styrene, 
19 
ethylene, l-octene, 1, 3- butadiene) binds directly at metal center but there is no distinctive 
response observed towards ethylene gas. This absence of selectivity is further pronounced 
with decomposition of Pt-olefin complex facilitated by Au-Pt charge transfer. In 
collaboration with Dr. Francis P. Zamborini at University of Louisville, the chapter 5 will 
address concerns such as selectivity, sensitivity and stability of sensors utilizing the 
promising redox regulated reversible ligand-centered ethylene addition to metal stabilized 
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Figure 1.6: Ethylene sensor types A. Gas Chromatography B. Photoacoustic spectroscopy C. Colorimetric 
[M=Pd, Pt; Ethylene reversible oxidation] D. Photoluminscent AgBF4- thin films E. Metal oxides [viz. 




2.1 Experimental methods for solution phase reactivity studies 
2.1.1 Materials and reagents 
All reagents were obtained from commercially available sources and used as 
received unless otherwise noted. All solvents were dried and freshly distilled using 
standard techniques under a nitrogen atmosphere and degassed using the freeze-pump-
thaw method. Reactions were conducted using standard Schlenk techniques under a 
nitrogen atmosphere or in an argon-filled glove box unless otherwise noted. The ligand 
H(DPPBl1, [Re-1] and [Ni-1] were prepared as described in the literature.'·lA The complex 
HNEt3[Ru-1] was prepared according to methods previously reported by Dilworth et aF5 
The complex [Ru-1·C,H.]PF6 was previously observed upon the electrochemical oxidation 
of PPN[Ru-1] in the presence of ethylene.'·6 Ethylene gas (polymer purity 99.9 %) was 
obtained from Matheson Tri-Gas. Deuterated solvents are obtained from Cambridge Isotope 
Laboratories, Inc. and used as received. 
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In an ice bath at 0 "C, a yellow solution of HNEt3[Ru-l] (100 mg, 0.0935 mmol) in 
acetonitrile (40 mL) was saturated with ethylene gas by purging the solution via a needle 
inlet for a 3 - 5 minutes. A blue solution of ferrocenium hexafluorophosphate (0.0619 g, 
0.187 mmol) in acetonitrile (30 mL) was added by cannula transfer. The resulting green 
solution was stirred for 3 h at 0 "C followed by removal of solvent by rotary evaporation. 
The crude yellow-green residue was washed with an excess of hot water (300 mL) and 
diethyl ether (25 mL). The product is spectroscopically identical to the previously reported 
derivative. Yield: 0.065 g (60%). E1/2 (RuIII/RulI) = +794 mY; "H NMR (500 MHz, CD3CN): Ii 
1.29 (m, 1H), Ii 1.59 (m, 1H), Ii 2.78 (dd, 1H), Ii 3.03 (dd, 1H), Ii 6.32-8.29 (m, 42H). Selected 
13C NMR (176 MHz, CD3CN): Ii 36.2 (s), Ii 44.2 (s). 3lp NMR (162 MHz, CD3CN): iiI 40.3, 1i2 
37.5, 1i3 61.0; )13= 30 HZ,)23= 30 HZ,)12= 304 HZ.'6 
2.1.2.2 [(2-diphenylphosphinebenzenethiolato)(ethene-1,1-diylbis(thio-2,1-
phenylene )diphenylphosphine )ruthenium(II)], [Ru-1·CzH3] 
To a yellow-green solution of [Ru-l·C,H.][PF6] (100 mg, 0.087 mmol) in 
acetonitrile (40 mL) was added an 0.18 M solution of KOH in methanol (0.49 ml, 0.087 
mmol). The resulting solution was stirred for 30 minutes during which time the color 
changed to golden yellow. The solvent was removed by rotary evaporation to yield a yellow 
residue. The crude product was washed with an excess of water (300 mL). Yield: 0.084 g 
(96%). X-ray quality crystals were obtained by the addition of 30 mg of crude product to 3 
mL of toluene. Slow evaporation yielded golden yellow crystals. E1/2 (RullI/RulI) = -250 mY. 
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+ESI-MS for RUP3S3Cs6H4s, [M+H]+ 1009.0978 found, 1009.1018 calculated. Element 
analysis for RUP3S3CS6H45: calculated C: 66.72, H: 4.50; found: C: 68.22, H: 4.77. "H NMR (500 
MHz, CD3CN): Ii 4.01 (d, 1H), Ii 4.40 (d, 1H), Ii 4.94 (m, 1H) and Ii 6.32-8.29 (m, 42H). 
Selected 13C NMR (176 MHz, CD3CN): Ii 120.0 (s). 31p NMR (162 MHz, CD3CN): iiI 55.4, 1i2 
48.7, 1i3 58.3; )13= 30 HZ,)23= 30 HZ,)12= 310 Hz. 
2.1.2.3 [(2-d iphenylphosphinebenzenethiolato)( d-etha ne-1,2-d iylbis(thio-2, 1-
phenylene)d iphenylphosphine )ruthenium(11 )]chloride, [Ru-1·C,H,D]CI 
To a golden yellow solution of [Ru-l·C,H3 ] (100 mg, 0.099 mmol) in benzene (10 
mL) was added a 35% solution of DCl in D,O (9.57 [lL, 0.099 mmol). The resulting solution 
was heated at reflux for 1 h, during which time the color changed to golden yellow. The 
solvent was removed by rotary evaporation to yield a yellow-green residue. The crude 
product was washed with an excess of water (300 mL) and diethyl ether (25 mL). Yield: 
0.093 g (90%). Ell' (RuIII/RuII) = +794 mY. +ESI-MS for CS6H4SDP3S3Ru: [M]+ 1010.1104 
found, 1010.1081 calculated. ; "H NMR (500 MHz, CD3CN): Ii 1.29 (m, 1H), Ii 1.59 (m, 1H), Ii 
2.78 (dd, 1H), Ii 3.03 (dd, 1H), Ii 6.32-8.29 (m, 42H). Selected 13C NMR (176 MHz, CD3CN): Ii 
35.8 (t, )co=20.4Hz), Ii 44.2 (s). 3lp NMR (162 MHz, CD3CN): iiI 40.3, 1i2 37.5, 1i3 61.0; )13 = 
30 HZ,),3 = 30 Hz, h, = 304 Hz. 
2.1.2.4 (2-(diphenylphosphanyl)benzene-1-sulfenicacid)(2-
(d ip he nyl phosp ha nyl )be nze ne-1-su Ifinato )(2 -( dip henyl p hosp ha nyl) benze ne-
1-thiolato)ruthenium(ll) 
To the ethylene addition product PPN[Ru(DPPBT-CH,CH,-DPPBT)(DPPBT)] (20 mg, 
0.017 mmol) in dry, degassed acetonitrile (1 mL), excess tetra-n-butylammonium hydroxide 
in methanol (25% w /w, 1.7 mmol) is addedP·8 The mixture was heated to reflux for 24 h 
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under a nitrogen atmosphere during which time the complex undergoes irreversible C-S 
bond cleavage. The solution was then allowed to stand for 2 weeks on the bench top, in a 
loosely capped vial under ambient conditions yielding single crystals of 1 (yield 3 mg, 18% 
yield) as light-yellow blocks in the C2/c space group. 
2.1.3 Electrochemical methods 
All electrochemical measurements were performed by using a PAR 273 
potentiostat/galvanostat with a three-electrode cell (glassy carbon or platinum mesh 
working electrode, platinum wire/mesh counter electrode, and Ag/ Ag+ pseudo reference 
electrode). All reported potentials are relative to ferrocenium/ferrocene which was 
observed at +577 mVversus the pseudo reference. 
2.1.3.1 Cyclic Voltammetry 
For cyclic voltammetry experiments, a Dr. Bob's cell was used as a three electrode cell. 
The Dr. Bob's cell kit was purchased from Gamry Instruments. The cell contains a platinum 
wire counter electrode, a 6.5 mm diameter glassy carbon working electrode, and an Ag/ Ag+ 
pseudo reference electrode. The Dr. Bob's cell can be used with solvent volumes from 2 mL 
to 50 mL and, in typical experiments; a volume of 10 mL was used. 
Prior to addition of analyte, background voltammograms were collected using 10 
mL of dichloromethane with 0.1 M tetrabutylammonium hexafluorophosphate (TBAHFP) as 
supporting electrolyte as described below. Nitrogen gas was bubbled through the solution 
for 5 minutes to remove dissolved oxygen, and then the solution was settled for 2 minutes 
without disturbing under a nitrogen atmosphere. The initial, switching and final potentials 
were set between the solvent limits of -1.5 V to 2.0 V versus the pseudo-reference. 
Background voltammograms were collected at scan rates of 100, 150, 200, 300, 400, 600, 
800, and 1000 mV Is. The window was scanned from negative to positive. Cyclic 
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voltammograms of the analyte were obtained at a concentration of 1.0 mM. Data was 
collected at multiple scan rates of 100, 150, 200, 300, 400, 600, 800, and 1000 mV /s with 
various potential windows. Prior to each scan, the solution was purged with nitrogen for 
several minutes and then held under a nitrogen atmosphere during analysis. 
2.1.3.2 Square wave voltammetry 
The square wave measurements were performed as described for the bulk 
electrolysis experiment. After each performed oxidation (or reduction), the working 
electrode was switched to a glassy carbon electrode and counter electrode was changed to a 
platinum wire electrode, bubbling was stopped, and a square wave voltammogram was 
obtained. In all cases, the initial potential was held for 15 seconds prior to initiation of the 
scan. Data was collected by two ways. The cathodic scan was obtained by input an initial 15 
and final potential from -1.5 V to 2.0 V and anodic scan was vice versa. The resulting peaks 
were plotted as current versus potential. 
2.1.4 X-ray crystallography methods 
2.1.4.1 Crystallography methods for [Ru-l·C,H,] 
A yellow block crystal of [Ru-l·CzH 31 was cut to the dimensions 0.25 x 0.13 x 0.10 mm3 
and mounted on a glass fiber for collection of x-ray data on an Agilent Technologies/Oxford 
Diffraction Gemini CCD diffractometer. The CrysAlisPro2 .9 CCD software package (v 17l.35.ll) 
was used to acquire a total of 913 thirty-second frame (i)-scan exposures of data at 100(I)K to a 
28 max ~ 59.20° using monochromated MoKa radiation (0.7l073 A) from a sealed tube. Frame 
data were processed using CrysAlisPro2 .9 RED to determine final unit cell parameters: a ~ 
11.27l8(5) A, b ~ 12.0524(3) A, c ~ 23.6075(10) A, a ~ 10l.7l5(3)0, P ~ 98.154(4)°, Y ~ 
105.209(3)°, V ~ 2965.04(21) N, D,,1c ~ 1.383 Mg/m3, Z ~ 2 to produce raw hkl data that were 
corrected for absorption (transmission min.lmax. ~ 0.926 /0.952; 11 ~ 0.496 mm'!) using SCALE3 
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ABSPACK. The structure was solved by Patterson methods in the space group P-I usmg 
SHELXS-90and refined by least squares methods on F2 using SHELXL-972.10 incorporated into 
the SHELX1L2.11 (v 6.14) suite of programs. The disordered toluene solvent was modeled with a 
one-half occupancy set of carbon atoms (C80-C86) using an appropriate set of constraints; the 
second set of half occupancy carbon atoms (C80a-C86a) involved in the disorder is generated by 
symmetry through an inversion center. All other non-hydrogen atoms were refined with 
anisotropic atomic displacement parameters. The three hydrogen atoms (H55, H56a and H56b) of 
the vinyl group were located by difference maps and refined isotropically. Remaining hydrogen 
atoms were placed in their geometrically generated positions and refined as a riding model. 
Phenyl H's were included as fixed contributions with U(H) ~ 1.2 x U" (attached C atom) while 
methyl groups were allowed to ride (the torsion angle which defines its orientation was allowed 
to refine) on the attached C atom, and these atoms were assigned U(H) ~ 1.5 x U", For 12,354 
reflections 1>2o(I) [R(int) 0.040] the final anisotropic full matrix least-squares refinement on F2 
for 735 variables converged at RI ~ 0.038 and wR2 ~ 0.076 with a GOF of 1.04. CCDC# 
881016 
2.1.4.2 Crystallography studies of Ruthenium co-ordinated sulfenic acid 
Crystal data for 1: CS4H4303P3S3Ru·0.09H,O, FW = 1031.65 g moP. monoclinic, space 
group C2/c, a = 18.2986(5) A b = 12.3224(3) A c = 41.1550(12) A ~ = 105.996(3t, V = 
8920.4(4) A,3, Z = 8, [l = 0.647 mm1, p = 1.536 g cm·3. Data were collected on an Agilent 
XcaIibur Gemini diffractometer using Mo Ka radiation at lOOK and processed with CrysAlis 
PRO Software. '.1' Full structural details are provided in cif format. For all 10,430 unique 
reflections (R(int) = 0.0539), the final anisotropic full-matrix least-squares refinement on F' 
for 590 variables data converged at R1 = 0.0483 and wR2 = 0.0979 with a GOF of 1.093. 
CCDC#944836 
26 
2.1.5 NMR Methods 
The "H NMR and gCOSY spectra, referenced to TMS, were recorded on a Varian 500 
MHz spectrometer. The 31p NMR spectra were recorded on a Varian 400MHz spectrometer 
and are referenced to 85% H3P04 . The 13C and gHSQCAD NMR spectra were recorded on a 
Varian 700MHz spectrometer. 
2.1.5.1 Variable Temperature NMR on Varian 400 MHz and 500 MHz 
2.1.5.2 Set up, changing temperature and finishing the experiment 
For room temperature experiments, air valve is open and nitrogen is closed. Above 
50°C and below 20°C, air valve should be closed and nitrogen valve is opened. After this, 
sample is inserted into the magnet followed by locking and shimming to find suitable zO 
value is performed. Then click "Start" followed by " Spin/temp" and then decheck the 
"regulate temperature" box. Enter the desired temperature and check the "regulate temp" 
box. For temparatures > 40°C, use nitrogen gas and < 10° to -90° C, use liquid nitrogen with 
styrofoam chamber while regular nitrogen is passing through the coils. Keep the careful 
gauge on the red variable temperature read out. The experiment should run smoothly. 
For changing temperature from one value to other, decheck the "regulate temp" again and 
enter the desired value. Now check the "regulate temp" again and wait till the same 
temperature is visible on the variable temperature red readout. Before finishing the variable 
temperature studies, make sure the temperature is returned to room temperature by 
clicking "regulate temp" box. The shimming and locking is not possible while temperature is 
changing from one valure to another. 
2.1.5.3 Determining the Energy of Activation Parameters from Dynamic NMR 
Experiments 
Fluxional processes involve interconversion between two or more sites, groups or 
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between conformational/configurational isomers such that the exchange rate of 
interconverting species is not congruent with NMR time scale. A total of five fluxional 
regimes may be categorized depending upon the difference between exchange rate of 
interconverting species and NMR time scale. The regimes are namely low temperature limit 
No exchange, slow exchange regime, intermediate exchange regime, coalescence 
temperature regime and High temperature limit fast exchange regime, Figure 2.1. 
Co alescenc e 
Int erm ed iat e ex change 
S low ex ch ange 
No ex ch ang e 
Figure 2.1: Exchange rate between interconverting species in comparison to NMR time scale 
To interpret the variable temperature NMR data, start at the low temperature limit or no 
exchange region. Then utilizing NMR chemical shifts, coupling constants, decoupling, spin 
multiplicities and integrals, find the two or three sets of static structures. This is followed by 
the high temperature limit or fast exchange to observe which species are interconverting. 
Also, determine the temperature at which the NMR resonances of 2 exchanging species 
coalesce. The coalescence temperature (Tc) is then used in conjunction with the maximum 
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peak separation in the low-temperature (i.e. slow-exchange) limit (Llv in Hz). The biggest 
source of error using the method of coalescence is (1) accurately determining Tc and (2) 
accurately determining Llv. Often, the isotropic chemical shifts of the exchanging species are 
temperature dependent, so Llv changes with temperature. If this happens, then the error in 
estimation of the activation energy barrier (LlG!) can be very large. The equation to estimate 
LlG! using the coalescence temperature is: 
LlG= aT, [9.972 + log (Tel Llv)] 
where a = 4.575 x 10.3 for units ofkcaljmol 
a = 1.914 x 10·' for units ofkJlmol 
and at the coalescence temperature T" kc = TILlu/.J2 
2.1.6 Computational methodology 
2.1.6.1 Computational studies of [Ru-1·C,H,] 
The geometry optimization and frequency calculations for all complexes were 
performed using the Gaussian 09 suite of programs. Density functional theory (DFT) 
calculations employed the B3LYP functional. For these calculations the 6-31g basis set was 
used for carbon, hydrogen, sulfur and phosphorus atoms, while the LANL2DZ basis set was 
used for ruthenium. Input coordinates were taken from crystallographic data for the neutral 
complex [Ru-l,C2H3]. To investigate the rotation and inversion of the vinyl group, the Ru-
S2-C55-C56 and Ru-S2-C19-C55 torsion angles were frozen, respectively, at various 
positions and the structure re-optimized. 
2.1.6.2 Computational studies of Ruthenium coordinated sulfenic acid 
Single crystal x-ray diffraction studies reveal a new crystal morphology of 
[Ru(DPPBT) (DPPBT-O,) (DPPBT -OH)] (DPPBT = 2- (diphenylphosphine) benzenethiolate; 
DPPBT- 0,=2- (diphenylphosphine) benzene- sulfinate;DPPBT -OH =2 
(diphenylphosphine)benzenesulfenic acid) in the monoclinic space group C2/c. The 
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sulfenic acid hydrogen, which was only inferred in the previously reported P-1 structure, 
has been located and refined. Comparison of metric data from the C2/c structure with 
density functional theory optimized structures (B3LYP /LANL2DZ+6-31g(d)) definitively 
confirms the assignment of the complex as the Ru(II) sulfenic acid. 
2.2 Experimental methods for gas phase reactivity studies 
2.2.1 Materials and reagents 
All reagents were obtained from commercially available sources and used as 
received unless otherwise noted. 2,4,6-triphenylpyrylium tetrafluoroborate, insulin from 
bovine pancreas, propylamine, S-nitrosoglutathione, cyclohexene, 1-hexene, lithium 
trifluoromethanesulfonate (LiOTf), CH3SSCH3 and CD3SSCD3 were purchased from Sigma-
Aldrich (St. Louis, MO). Acetone was purchased from Pharmco-Aaper. Acetone-d6 was 
purchased from Cambridge Isotope Laboratories, Inc. (Andover, MA). Acetonitrile was 
purchased from EMD (philadelphia, PA). 100 [1M metal thiolate complex solutions were 
prepared by dissolving the corresponding compound in acetontirile containing 1 mM LiOTf. 
2.2.2 Ion molecule reaction apparatus 
Gas phase ion-molecule reactions in conjunction with mass spectrometry were 
investigated in collaboration with Professor Hao Chen at Ohio University. A detailed 
description of the experimental protocol employed by Prof. Chen has been jointly 
published.'·13 All experiments were performed with a triple quadruple linear ion-trap mass 
spectrometer (2000 QTRAP®; AB SCIEX, Concord, ON, Canada) using a modified ion 
trapping workflow. 2.14Sample solutions were introduced to the electrospray ionization 
(ESI) source with a flow rate of 4 [lL/min. The ESI source was operated at +5500V. The 
source temperature was OQC and the sheath gas flow rate was 20 (arbitrary unit). ESI-MS 
spectra was collected using the enhanced MS (EMS) mode, in which all the ions pass 
through primary quadrupole (Q1) and LINAC collision cell (q2) without fragmentation, then 
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detected by a linear quadrupole ion-trap (Q3). Collision-induced dissociation (CJD) of 
selected ions were performed using the enhanced product ion (EPI) mode,'·1s-16 in which the 
precursor ions were selected in Q1 and underwent fragmentation in q2, then the fragments 
were detected by Q3. 
For performing low-pressure ion/molecule reactions, ions of interest were mass 
selected in Q1 and trapped in q2. Reagent gases were introduced through the CJD gas line 
into q2, where they could react with the selected ion. After reaction for 2-8 seconds, the 
product ions were analyzed by mass-selective axial ejection from Q3 further for MS and MS' 
measurements. This is a typical ion/molecule reaction experiment in which reactant ions 
are selected in vacuum at low pressure to react with neutral reagents. For carrying out 
atmospheric pressure ion/molecule reactions, the metal-thiolate complex solutions were 
doped with reagent CH3SSCH3 for ESt Upon oxidation to form the reactive species like 
[RuL3]', it will react with the CH3SSCH3 (it is most likely that the reaction occurs in in the 
spray droplets). The resulting product ions are collected and analyzed by the QTRAP 
instrument. 
2.3 Experimental methods for solid phase reactivity studies 
2.3.1 Modification of electrode surface 
2.3.1.1 Fabrication and cleaning of electrode device before deposition of films 
Two Au electrodes separated by 23 [lm were fabricated in a clean room facility by 
photolithography on a Si/SiOx substrate. Wire leads were attached to the Au contact pads 
with Ag epoxy (cured 12 h, 80° celcius), which was further insulated with an overlayer of 
Torr-seal epoxy (cured 12 h, 80° celcius ).'.17 The electrodes were cleaned by rinsing in 
acetone, ethanol, and 2-propanol before drying under N,. The device was then placed in 
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UVO ozone cleaner Oelight Company Inc., Irvine, CA) for 10 min prior to film deposition.2.18. 
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2.3.1.2 Drop casting at Au - electrode device surface 
A 3mM IRe-1]+ complex solution is prepared inside the dry box to avoid 
oxygenation of cis sulfur centers. A 3mM burgundy red solution is made with 2 ml of dry 
degassified dichoromethane and IRe-1] (6.39 mg, 6.01 [lmoles). Then added the 
Ferrocenium hexafluorophosphate (1.99 mg, 6.01 [lmoles) that oxidizes IRe-1] neutral 
complex to deep blue solution of IRe-1]+ complex that reversibly binds ethylene. Thereafter 
the solution is dropped on the electrode device and evaporated. Before ethylene sensing, 
the electrode device is kept for an hour in the dry box to ensure solvent evaporation. 
2.3.1.3 Au-Self Assembled Monolayers (SAM) at Au - electrode device surface 
In the Au-SAM method, immobilized IRe-1]+ utilize electrostatic interactions 
between IRe-1]+complexes and Au SAMs having negatively charged end groups. The SAM of 
w-substituted carboxylate or sulfonate terminated alkanethiol will be made by immersing a 
clean Au electrode in a 2 mM solution of the thiol for 24 hours. 2.24 Thereafter, it is immersed 
in aqueous 3-5 nm diameter, negatively-charged citrate-functionalized Au nanoparticles for 
30 minutes. Consequently, the electrode will be immersed in a solution of IRe-1]+, Figure 
2.2. The monolayer is characterized by chronoamperometry measurements and the results 
compared to pure IRe-1]+ 
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Si 
Figure 2.2: Au-SAM formation by Ulman method 
2.3.1.4 Au-Multilayers at Au - electrode device surface 
The ethylene sensor gets saturated in no time if just a monolayer of complex is 
present on the electrode. Accounting for the above constraint, multilayer electrodes is 
prepared by using electrostatic attraction, forming the first layer of [Re-l ]+complex and 
then performing alternating immersions into solutions of (a) aqueous 3-5 nm diameter, 
negatively-charged citrate-functionalized Au nanoparticles and (b) the [Re-l] complex in 
dichloromethane. This leads to the electrostatic formation of multilayer films. The presence 
of the Au nanoparticles support electron transfer from the electrode surface to the [Re-
1 ]+complex and the presence of multilayers of the complex will lead to more surface sites 
and a larger concentration range for sensing ethylene. 
2.3.2 Flowmeter calibration 
The flow meter calibration is performed with the soap bubbler using flowmeters 1, 
3 and 4 and calibration is obtained with ethylene, Figure 2.3 and Table 2.1. 
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2.3.2.1 Set up and experiment with calculation, 
Th. "' 'p bubbl. r i, firmly d . mp. d n." tb . fiowm .t ... (onnoct od to .tbylon . 
()'lind ... . Tubing from fiowm . t . r (1.3.4) i, (onnoctod to "d .. rm of bubbl.r U, . cop!", r 
wir. to m. h sur • • ll t ubing ( onnoction, to bub bl ... . , w . ll . , fiowm.t ... . n d (ylind ... >e . 
tigbt. tf ow fLll tb. bulb with .! (onox (d .t ... g.nt) ,olution .ad . tt " b it to bottom of tb. 
bubbl ... . pp . r . tm. Squ..". th . bulb to " i", tb. ""p ,olution . bon ,id. u m . nd ,,,-.. ,. 
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in,t. n( o, . t " .! . of 50 . t tb. fiow mol ... , tb . ,o . p fLlm to ok 20 ,.(ond, to (o""r 100.0 ml 
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Tabl. 1: Etbyl. n . ga, <alibratioo with flOwm . t . H 1,3 and 4. 
Flowmeterl Flowmeter4 
Scale (ml/min) Flowmeter3 (ml/min) (ml/min) 
10 508 64 5.2 
20 872 96 8.3 
30 1218 139 12.8 
40 1550 194 18.5 
50 1880 248 23.4 
60 2200 311 31.2 
70 2529 374 39.8 
80 2826 435 50 
90 3105 494 59.9 
100 3370 554 69.4 
110 3631 608 81.7 
120 3885 663 95.4 
130 4148 716 109.7 
140 4415 770 124.7 
150 4685 824 142.7 
2.3.3 Chronoamperometry measurements for ethylene detection 
Electronic measurements were performed with a CH Instruments 660A (Austin, TX) 
electrochemical workstation operating in chronoamperometry (CA) mode. One electrode 
device lead was connected to the working electrode lead, and the other electrode was 
connected to both the counter and reference electrode leads. The current was monitored at 
a potential of -1.0 V, while the device was exposed to alternating flows of pure N, carrier gas 
and C,H4mixed with carrier gas. The C,H4 concentration was varied by mixing C,H4 and N, 
at different flow rates controlled by Cole Parmer flow meters located between the sample 
and the gas cylinders and operated by a three-way valve. All samples were exposed to 100 
towards 1 % C,H4 for 1000 s to monitor the electronic response to C,H4. 
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CHAPTER 3 
LIGAND CENTERED REACTIVITY IN SOlUTION PHASE 
3.1 Introduction 
The ligand centered reactivity in solution phase is investigated with three 
catalytically significant reactions; namely base induced eliminations, reversible and 
selective deprotonation/reprotonation, and Markonikov /anti-Markonikov type nucleophilic 
addition reactions.3.n As discussed in chapter 1, the organic trialkylsulfonium compounds 
undergo base induced eliminations to yield alkenes and sulfides.3.7 Therefore, a reactive 
ligand center with sulfonium character is a necessary prerequisite for base induced 
eliminations. The partial sharing of electrons in the metal-sulfur bond leads to a partial 
positive charge on S with a concomitant decrease in the positive charge on metal ion 
generating a metallosulfonium species for base induced elimination reaction. A number of 
cationic dithioether metallosulfonium complexes have been reported to undergo base 
induced eliminations yielding a metal complex with one thiolate and one vinyl sulfide (vinyl 
metallosulfonium) donor. Wieghardt reported such reactions for [M(TTCN),j3' complexes 
(M = Co, Rh, Ir) more than 20 years ago.3.B In this paper, the reversible 
deprotonation/protonation of the [Co(TTCN),j3' species at pKa of 4.0 in aqueous conditions 
is discussed. Above pKa of 4.0, the aqueous conditions are basic enough so the Co (III) 
species undergo deprotonation and below the pKa of 4.0, the Co (II) species undergo 
reprotonation. The deprotonation of [M(TTCN),j3' yields one thiolate and vinyl 
metallosulfonium substituent. The further reactivity studies of this vinyl metallosulfonium 
substituent with excess base is important for understanding the catalytic functional group 
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transformations with nucleophiles.39-1o In our solution phase ligand centered reactivity 
studies, the [Ru-1·CzH4]+ is selectively deprotonated (with base) at the pseudo-equatorial 
proton on the carbon a to sulfur trans to phosphorus yielding the vinyl metallosulfonium 
derivative [Ru-1·CzH3).311 Addition of hydrochloric acid to [Ru-1·CzH3] regenerates [Ru-
1·CzH4 ]+. Addition of DC I confirms the selectivity of this reverse reaction. 
The C-H functionalization of alkenes via base deprotonation to yield a stabilized 
carbanion is important paradigm of ligand centered reactivity studies. In 2008, Bergman et 
al. reported the use of this type of ligand-based reactivity with a series of cobalt dinitrosyl 
complexes for the C-H functionalization of alkenes, Scheme 3.1.3.12 Although catalytic 
turnover is not achieved, the formation of intermediate cobalt dinitrosoalkane carbanionic 
complexes allows for the utilization of masked alkenes as nucleophiles in conjugate addition 
reactions. The resulting new cobaltacycles then undergo retrocycloaddition reactions in the 
presence of the original alkene to regenerate the starting cobalt dinitrosoalkane complex 






5: 1 1HF/HIVPA rt 
+ 
Scheme 3.1: Functionalization of ole fins using cobalt dinitrosoalkane complex 
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Consequently, in the solution phase investigations described in this dissertation, 
alkene addition metal dithioether complexes are synthesized and their reactivity with 
variety of oxygen, carbon and nitrogen based nucleophiles are explored towards 
functionalization of alkenes via formation of carbanionic intermediate complexes. Although 
there is ambiguity in the characterization of functionalized alkene products, the oxygenated 
derivatives of metal thiolate complexes are fully characterized with electrochemical, X-ray 
crystallography and computational calculations. Such oxygenation of metallothiolates to 
discrete metal-coordinated sulfenates (M-S(O)R) has received significant attention due to 
its relevance to the active sites of nitrile hydratase/thiocyanate hydrolase,3.B-17 anticancer 
metallodrugs activation,3.18.19 and redox-based signal transduction mechanism.3.'o·" 
An area of intense interest is the potential protonation of the metal-sulfenate to a 
metal-coordinated sulfenic acid. To date, the only structurally characterized metal-
coordinated sulfenic acid is the asymmetrically oxidized complex (2-
( diphenylphosphanyl)benzene-l-sulfenic acid) (2-( diphenylphosphanyl)benzene-l-
sulfinato) (2- (diphenylphosphanyl)benzene-l-thiolato ) ruthenium reported by Dilworth.3.23 
This metal coordinated sulfenic acid contains three unique sulfur oxidation states; thiolate 
(RS', oxidation state = -2), sulfenic acid (RSOH, oxidation state = 0), and sulfinate (RSO,· 
,oxidation state = + 2). A similar asymmetric sulfur donor set was later found at the active 
sites of the iron and cobalt containing enzymes3.24 nitrile hydratase and thiocyanate 
hydrolase.3.25.'6 In Dilworth's paper, the protonation state of the sulfenic acid was inferred 
based on structural parameters, but no H atoms were included in the structural 
refinement.3.'7 Further, their assigned protonation state conflicts with their assigned metal 
oxidation state. In our solution phase investigations, we report a low-temperature, higher 
resolution structure of ruthenium coordinated sulfenic acid in a new crystal morphology 
that clearly demonstrates the presence of a protonated, sulfenic acid donor coordinated to a 
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formal Ru(II) metal ion. The reinvestigation of the x-ray crystal structure of ruthenium 
coordinated sulfenic acid confirms the ligation of a protonated, sulfenic acid donor as 
proposed by Dilworth in 1992. The formal oxidation of the ruthenium center is reassigned 
as Ru(II). Using a combination of higher resolution, low temperature data and 
computational methods, we have clearly provide unambiguous evidence for first 
structurally characterized metal-coordinated sulfenic acid with refined H-atom coordinates 
and thermal parameters. 
3.2 Synthesis and Characterization 
3.2.1 Synthesis of [Ru-1·C,H,] and [Ru-1·C,H.r 
A series of complexes have been prepared through successive ligand-centered 
reactions based on the tris( diphenylphosphinobenzenethiolato) (DPPBT) metal complex 
[Ru-l]", Scheme 3.2. The dithioether complex [Ru-l·C,H.]+can be prepared in 60% yield 
upon chemical oxidation of [Ru-l]' with two equivalents of ferrocenium 
hexafluorophosphate (FcPF6) in the presence of ethylene. Deprotonation of [Ru-l·C,H.]+ 
with KOH in acetonitrile yields the vinyl metallosulfonium derivative [Ru -1·C,H3] via an 
elimination reaction in 96% yield. A single structural isomer with the vinyl substituent on 
the sulfur trans to phosphorus is obtained. The reaction does not proceed under aqueous 
conditions consistent with the greater basicity of hydroxide in acetonitrile as compared to 
hydrogen bonding solvents.3.'8·'9 Acidification of [Ru-l·C,H3] with Hel or HBr regenerates 
[Ru-l·C,H.]+. 
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Scheme 3.2 : Ligand centered reactivity of [Ru-l]- and its derivatives 
The vinyl metallosulfonium product [Ru-l·C2H3] is easily distinguished from its 
dithioether precursor [Ru-l'C2H4]+ by changes in color, solubility, and redox potential. The 
golden-yellow, neutral [Ru-l,C2H3] has enhanced solubility in non-polar solvents, such as 
benzene and toluene, as compared to the chartreuse yellow, cationic precursor [Ru-
3.2.2 Electrochemical characterization of [Ru-l·C2H3] and [Ru-l·C2H4r 
The vinyl metallosulfonium complex displays a [Ru-l C2H3]+/0 redox couple at -250 
mV versus Fc+ IFc, Figure 3.1. This formal RUIII/ ll potential is exactly centered between those 
previously reported for [Ru-l'C2H4)2+/+ at +330 mV and [Ru-ll/o at -830 mY. 3.30 The 
results are consistent with a large (+580 mY) cathodic shift upon substitution of an anionic 
thiolate donor with a neutral thioether. 3.31 Cyclic voltammetry of [Ru-l,C2H3] confirms the 
oxidation is essentially reversible with a ~E of 80 mV at a scan rate of 100 mV Is, Figure 3.2. 
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Figure 3.1: Squarewave voltammograms of [Ru-l]-(top), [Ru-l·CzH3] (center), and [Ru-
1.CzH4]+ (bottom) in dichloromethane 
tetrabutylammonium hexafluorophosphate as 








or acetonitrile with 0.1 M 
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Figure 3.2: Cyclic voltammogram of [Ru-l.CzH3] in acetonitrile with 0.1 M 
tetrabutylammonium hexafluorophosphate as supporting electrolyte. Potentials 
referenced to Fc+ /Fc 
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3.2.3 ESI-MS characterization of [Ru-l·C,H,] and [Ru-l·C,H,Dr 
The [Ru-l·C,H.]+and [Ru-l·C,H3] cannot be discriminated by +ESI-MS due to the 
ionization mechanism of the later. The dithioether complex [Ru-l·C,H.]+displays an m/z 
1009.1015 amu consistent with the theoretical value of 1009.1018 amu for the M' ion. The 
vinyl complex [Ru-l·C,H3] displays a similar peak at 1009.0978 with the same theoretical 
value for the [M+H]' ion. Evidence of the reaction can be observed by ESI-MS using 
deuterium labeling. The reversible deprotonation of the ethylene linker in [Ru-l·C,H.]+ 
proceeds selectively at the carbon alpha to the sulfur trans to phosphorus. Deuteration of 
[Ru-l·C,H3] with DCl yields the mono-deuterated dithioether complex [Ru-l'C,H3D]+ 
which displays an m/z peak in the +ESI-MS at 1010.1104, which is shifted by 1.0089 relative 
to [Ru-l·C,H.]+. Further deprotonation of [Ru-l'C,H3D]+ regenerates the vinyl 
metallosulfonium complex [Ru-l·C,H3] with no incorporation of deuterium. These results, 
corroborated by NMR investigations, indicate the selective deprotonation of a single proton 
in the ethylene bridge. As described in the NMR section below, the reaction occurs only at 
the hydrogen in the pseudo-equatorial position on the carbon alpha to the sulfur trans to 
phosphorus. 
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aooJ.555860537761435oo!H)1J4 . to=4 .57134687761572420e+ool 
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Max 65.8 counts. 
Figure 3.3: ESI-MS of [Ru-1·C,H3) with theoretical (M+H)+= 1009.1018, accuracy = 4.0 
ppm 
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Figure 3.4: +ESI-MS of [Ru-1.C,H3D)+ 
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3.2.4 Synthesis and Characterization of S-Oxygenated and functionalized organic 
product: 
N a reaction occurs upon addition of a large excess of base to solutions of [Ru-
1·C,U3] in the absence of air even under prolonged reflux conditions. However, under 
aerobic conditions excess base induces C-S bond cleavage in both [Ru-1·C,U4]+ and [Ru-
1·C,U3] upon heating., Scheme 3.3. Depending on the length of the reaction, [Ru-1l and/or 
its S-oxygenated derivatives are recovered as the only metal-containing products. The NMR 
data (lH, 13C, and gHSQC; Figures 3.5,3.6,3.7) of the observed organic product is consistent 
with C-C bond cleavage of the ethylene bridge to yield formate. In order to emphasize 
formation of formate and to avoid unidentified aliphatic cluster of peaks, NMR region is 
expanded between {j 6.0 -9.5 ppm. The reaction pathway remains elusive, but is proposed to 
proceed via nucleophilic attack at the vinyl metallosulfonium under strongly basic 
conditions similar to observations reported by Goh and Webster. 3.10.32 
Scheme 3.3: Aerobic reaction of [Ru-l·C2 H3] with excess base 
From the reaction shown in Scheme 3.3, we have isolated a ruthenium coordinated sulfenic 
acid complex initially prepared by Dilworth upon aerobic oxidation of the tris-thiolate 
precursor [HNEt3][Ru(DPPBT)3] suspended in toluene, Scheme 3.4.327.33 The product 
reported by Dilworth consisted of black crystals in the P-1 space group obtained upon 
addition of dichloromethane to solubilize the mixture followed by layering with methanol 
and cooling to -20°C. Our attempts to reproduce the crystallization of ruthenium 
44 
coordinated sulfenic acid by this method were unsuccessful, although the bis-sulfinate (M-
(SO,R),) was obtained upon aerobic oxidation of PPN [Ru(DPPBT)3] (PPN 
bis(triphenylphosphine)iminium) leading to the structural characterization of both the 
Ru(II) and Ru(III) of derivatives of [Ru(DPPBT)(DPPBT-O,),]n (n = 0, +1).3'6 
Our fortuitous crystallization of the ruthenium coordinated sulfenic acid yielded Jight-
yellow blocks in the C2/c space group. As shown in Scheme 3.4 (bottom), excess tetra-n-
butylammonium hydroxide in methanol (25% w/w, 1.7 mmol) was added to the ethylene 
addition product PPN[Ru(DPPBT-CH,CH,-DPPBT)(DPPBT)] (20 mg, 0.017 mmol) in dry, 
degassed acetonitrile (1 mL),311.'5 The mixture was heated to reflux for 24 hours under a 
nitrogen atmosphere during which time the complex undergoes irreversible C-S bond 
cleavage. The solution was then allowed to stand for 2 weeks in a loosely capped vial under 
ambient conditions yielding single crystals of ruthenium coordinated sulfenic acid (yield 3 
mg, 18% yield) for X-ray analysis. 
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Figure 3.5: In d-toluene, lH NMR characterization of [Ru-1.CzH3] in excess base 
(Expanded Region between I) 6.0 ppm to I) 9.5 ppm to emphasize formation of 
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Figure 3.6: In d-toluene, gHSQCAD NMR characterization of [Ru-l·CzH3] in excess base 
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Figure 3.7: In d-toluene, 13C NMR characterization of [Ru-1'C,H3] in excess base 
3.3 Structure investigations 
3.3.1 Structural characterization of [Ru-1'C2 H3] 
Yellow block shaped crystals of [Ru-1'C,H3] in the triclinic space group P-1 were 
obtained upon slow evaporation of toluene solution of the vinyl metallosulfonium complex. 
Crystal data and structure refinement details are listed in Table 3.1. The vinyl 
metallosulfonium complex [Ru-1'C,H3] contains a six coordinated Ru(II) ion ligated by 
three PS chelates in a pseudo-octahedral environment as shown in the ORTEP 
representation in Figure 3.8.334 The three sulfur donors are arranged in a meridional 
fashion as in related complexes.325,27,35-38 The vinyl substituent is located at S2, which sits 
trans to P3. The two thiolate sulfurs, Sl and S3 are trans to each other. 
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Absorption correction 
Max. and min. transmission 
Refinement method 
Data / restraints / parameters 
Goodness-of-fit on F2 
Final R indices [1>20(1)]"b 














0.25 x 0.13 x 0.10 mm3 
3.37 to 29.62° 
-15<~h<~14, 
67874 
15439 [R(int) ~ 0.041] 
92.4% 
99.8 % 
Semi-empirical from equivalents 
0.952 and 0.926 
Full-matrix least-squares on F2 
15439/7 /735 
1.043 
RI ~ 0.0383, 
RI ~ 0.0562, 
Largest diff peak and hole 0.763 and -0.736 e.k3 
'Rl = LllFol-lFelll L Fol; wR2 = {L [w(Fo'- Fe2)2]1 L [W(F02)']}1/2; wherew = q/s2{Fo2) + 
(qp) 2 + bp. GOF = S = {L [w(Fo2- Fe2) 2]/(n - p)}1/2, where n is the number of reflections and 
P is the number of parameters refined. 
3.3.2 Comparison of structure of [Ru-l·C,H,] and [Ru-l·C,H.r 
Comparison of structure of [Ru -1'C,H3] with previously reported crystallographic data of 
[Ru-l·C,H.]+ reveals a similar RUP3S3 core with clear distinctions associated with 
deprotonation at C55. Selected bond distances and angles are listed in Table 3.2. The Ru-P 
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bond distances are shorter by 0.02 to 0.04 A in [Ru-1'C,H3] relative to [Ru-1·C,H.]+. The 
conversion of 53 from a thioether in [Ru-1·C,H.]+to a thiolate in [Ru-1'C,H3] results in a 
bond distance increase of 0.06 A from 2.3365(9) to 2.3992(5) A. There is also an increase in 
the Ru-52 bond distance of 0.03 A from 2.3749(9) to 2.4014(5) A. The C55-C56 bond 
distance decreases from 1.510(5) to 1.313(4) A consistent with formation of C=C double 
bond confirming deprotonation of dithioether. The cleavage of the 5-member Ru-52-C55-
C56-53 ring upon deprotonation opens the Ru-52-C55 bond angle from 104.52(12r in [Ru-
1·C,H.]+ to 112.23(8r in [Ru-1·C,H3]. The deprotonation also allows expansion of the 51-
Ru-52 and 51-Ru-53 bond angles from 87.06(3r to 95.030(18r and 173.73(3r to 
178.19(2r, respectively. 
Table 3.2. Selected bond distances CA) and bond angles ("") for [Ru-l·C,H4]+19 and [Ru-l·C,H3]. 
[Ru-I·C,H.t [Ru-I'C,H31 
experimental experimental computational 
Ru-SI 2.3856(9) 2.3932(5) 2.503 
Ru-S2 2.3749(9) 2.4014(5) 2.541 
Ru-S3 2.3365(9) 2.3992(5) 2.515 
Ru-PI 2.3648(9) 2.3440(6) 2.455 
Ru-P2 2.3965(10) 2.3640(6) 2.488 
Ru-P3 2.3290(9) 2.2853(5) 2.409 
S2-C55 1.836(4) 1.787(2) 1.864 
S3-C56 1.843(4) 
C55-C56 1.510(5) 1.313(4) 1.332 
SI-Ru-S2 87.06(3) 95.030(18) 93.048 
SI-Ru-S3 173.73(3) 178.19(2) 176.796 
S2-Ru-P3 172.87(3) 171.59(2) 173.048 
PI-Ru-P2 168.81 (3) 168.455(18) 167.143 
Ru-S2-C55 104.52(12) 112.23(8) 111.325 
3.4 NMR investigations 
3.4.1 NMR Characterization of [Ru-1·C,H,], [Ru-1·C,H.r and [Ru-1·C,H,Dr 
The dithioether complex [Ru-1·C,H.]+. its mono-deuterated derivative [Ru-
1'C,H3D]+, and the vinyl metallosulfonium complex [Ru-1·C,H3] have been thoroughly 
characterized by NMR techniques. A summary of pertinent "H, 13C, and 31p chemical shift 
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values and coupling constants are summarized in Table 3.3. For the vinyl complex, the 
tabulated data was collected at 363 K due to a fluxional process that is observed at lower 
temperatures (vide infra). 
The "H NMR of [Ru-1-C,H.]+ displays four unique resonances for the ethylene 
bridge assigned as HI (6 1.29, m), H2 (6 3.03, dd), H3 (6 1.59, m), and H4 (6 2.78, dd). The 
pseudo-axial protons HI and H3 are located upfield with respect to the pseudo-equatorial 
protons H2 and H4, Figure 3.9. The gCOSY NMR, Figure 3.10, clearly shows the coupling 
between four ethylene protons. The coupling constants are )13 = 14 Hz, h2 ~ ),. = 14 Hz, h. ~ 
),3 = 4 Hz, ),. ~ 0 Hz. The aromatic region between 6.2 and 8.5 ppm exhibits a complex 
multiplet of peaks associated with the nine phenyl rings and a total integration proportional 
to the four-ethylene protons. The 31p NMR spectrum of [Ru-1·C,H.]+ is second-order with 
chemical shifts and coupling constants as previously reported, see Table 3.3. The 13C NMR of 
[Ru-1·C,H.]+ shows the ethylene carbons C55 (636.0, s) and C56 (6 44.2, s) along with nine 
phenyl rings carbons in region of 110-180 ppm respectively, Figure 3.11. 
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Figure 3.11: 13C NMR of ethylene linker C2H4 (top) and [Ru-1.C2H4]+ (bottom) 
Substitution of a single ethylene proton by deuterium, as shown in Scheme 3.2, 
occurs selectively at the pseudo-equatorial position on C55, H4. The IH NMR of [Ru-
1·C2H3D]+ displays three of the resonances associated with the ethylene bridge in [Ru-
l'C2H4 ]+ (Hi (b 1.29, m); H2 (b 3.03, dd); H3 (b 1.59, m) with the peak at 2.78 ppm notably 
absent, Figure 3.12. The presence of deuterium at pseudo-equatorial position on C55 is 
further confirmed by the absence of H4 proton in the gCOSY NMR, Figure 3.13, which clearly 
shows the expected coupling pattern. The 13C NMR of [Ru-l'C2H3D]+ also confirms the 
selective deuterium labeling at C55 with a slight upfield shift of the peak to 35.8 ppm and a 
coupling constant of 20.4 Hz, Figure 3.14. The deuteration at C55 has no effect on the 31p 
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Figure 3.14: 13C NMR ofCzH3D de ute rated ethylene linker (top) and [Ru-1·CzH3D]+ 
(bottom) 
3.4.2 Variable temperature NMR of [Ru-l-CzH31 
The NMR spectra of [Ru-1·CzH3] are complicated by a fluxional process associated 
with the vinyl substituent At low temperature, the 31p NMR shows two partially 
overlapping second-order spectra, Figure 3.15. The first isomer (53 %) has chemical shifts 
values for PI, P2, and P3 of 8 65.6, 8 50.8, and 8 57.8 ppm, respectively, with coupling 
constants h2 = 303 Hz, J13 = }z3 = 30 Hz. In the second component (47 %) the chemical shifts 
of PI and P2 are significantly up field at 48.9 and 44.5 ppm. The P3 resonance, 57.9 ppm and 
the coupling constants, h2 = 299 Hz, J13 = lB = 32 Hz, are similar to the first isomer. As the 
temperature is increased, the two sets of resonances begin to converge with coalescence 
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occurring at 303 K. At higher temperatures, a single set of resonances is observed, Figure 
3.15 and Table 3.3. 
~)J. 363 K 
-~ 343 K 
.Jo 323 K 
303 K 
A ~ 283 K 
U I ill± 263 K .~ 243 K 223 K 
203 K 
I I I I I 
68 60 56 52 48 44 40 
31P Chemical Shift (ppm) 
Figure 3.15: Variable temperature 31p NMR spectra of [Ru-1·CzH3 ] 
Fluxional behavior ofthe vinyl substituent in [Ru-1·CzH3 ] is also observed in the 1H 
NMR, Figure 3.16. At low temperature (223 K), one set of vinyl resonances is clearly visible 
in the expected region with chemical shift values of 4.01,4.40, and 4.94 ppm for H1, H2, and 
H3, respectively. The coupling between the three resonances is confirmed by gCOSY NMR, 
Figure 3.17. The second set of vinyl resonances is hidden in the aromatic region. At high 
temperature (363 K), the presence of vinyl carbon C56 of [Ru-1'CzH3 ] is confirmed by 13C 
NMR and gHSQCAD NMR, Figure 3.18, 3.19. As in the 31p NMR, coalescence is observed upon 
an increase in temperature followed by a single set of resonances at higher temperatures, 
Table 3.3 and Figure 3.15. 
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Figure 3.16: IH NMR of [Ru-1-C2 H3] at (Top) low temperature (223 K) and (Bottom) 
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Figure 3.17: gCOSY NMR of [Ru-1.CzH3] of at 223 K (top) and 363K (bottom) 
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Figure 3.18: 13C NMR of [Ru-l.CzH3] at 343 K (Expanded region between 115 - 145 
ppm to emphasize C56 carbon of vinyl group at 6120 ppm) 
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Figure 3.19: gHSQCAD NMR of [Ru-l.CzH3] at 363 K 
From the variable temperature 31p NMR data, the activation barrier associated with 
the fluxional process was calculated as 13.08 kcal/moP·39 Several possible origins of the 
fluxional process were considered including vinyl group transfer between S2 and S3, 
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rotation of the vinyl substituent about the 52-C55 bond axis, and lone-pair inversion at 52. 
To discriminate between these possibilities, a series of DFT investigations were conducted. 
3.5 Computational studies 
The B3L YP exchange-correlation functional with the LANL2DZ basis set for Ru and 
the 6-31g basis set for all other atoms to optimize the structure of [Ru-1·C,H3] and its 
derivatives. The calculated metal-ligand bond distances reproduce the experimental values 
for [Ru-1·C,H3] within 0.11 to 0.14 A Table 3.2. Calculated bond angles reproduce 
experimental values within 2 to 3°, Table 3.2. The fluxional behavior of vinyl substituent is 
modeled with three potential fluxional processes: inversion, rotation, and hopping. While 
two of these processes discuss the inversion of lone pair around 52 and vinyl moiety 
rotation around 52, the hopping process discusses the vinyl group transfer between 52 and 
53 respectively. 
3.5.1 Inversion of the 52 lone pair 
Inversion of the 52 lone-pair was modeled by systematic variation of the Ru-52-C19-
C55 torsion angle, Figure 3.20. In the X-ray crystal structure, this angle is observed as -
116.06°, which corresponds with the calculated minimum of -115.6°. A second minimum is 
observed near +120° as expected for a lone-pair inversion on 52. The energy barrier 
between these two minima of 14.36 kcaljmol is within experimental error of the measured 
activation barrier, 13.08 kcal/mol,3.39 for the fluxional process by 31p NMR. The barrier is 
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Figure 3.20: Calculated relative free energies of [Ru-1·C2H3 ] as a function of the Ru-S2-
C19-C55 torsion angle representative of a sulfur lone pair inversion at S2 
3.5.2 Rotation of the vinyl moiety 
Rotation of the vinyl substituent about S2-CSS bond angle was modeled by 
systematic variation of the Ru-S2-CSS-CS6 dihedral angle, Figure 3.21. In the X-ray crystal 
structure, this angle is observed as -139.67° which corresponds to the calculated angle of-
136.64°. The activation energy barrier of 4.38 kcaljmol (Figure 3.21) is observed i.e. too low 
to be considered as the alternate fluxional process. Also, around dihedral angle of +95°, the 
S2-CSS bond starts clashing with the phenyl moiety of the PS chelate. This constraint the 
optimization of vinyl metallosulfonium complex leading to a sharp exponential increase in 
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Figure 3.21: Calculated relative free energies at different Ru-S2-C55-C56 dihedral 
angles representing a rotation of the vinyl group about the S2-C55 bond axis 
3.5.3 Hopping between 52 and 53 of [Ru-1'CzH3 ] 
A third potential fluxional process involves vinyl group transfer between S2 and S3. 
However, this is readily negated by energy calculations. The optimized structure of the 
crystallographically observed isomer with the vinyl group on S2 (trans to P3) is stabilized 
by 6.78 kcaljmol relative to the isomer with the vinyl substituent on S3 (trans to Sl). The 
difference in relative energies of these two isomers is too large for the observed ratio in the 
31p NMR spectra. 
A comparison of the two optimized structural isomers reveals a more crowded 
steric environment for the vinyl group when it is on S3 as compared to S2. To quantify the 
steric versus electronic effects, truncated computational models of each isomer with the 
diphenyl substituents of the DPPBT ligand replaced with methyl (DMPBT) or hydrogen 
(PBT) were calculated, Table 3.4. The results show a consistent preference for the vinyl 
group on S2 relative to S3 although the energy gap decreases with decreased steric bulk on 
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the ligand. While the steric contribution may facilitate formation of one isomer over the 
other, clearly electronic effects are significant in dictating the position of the vinyl group on 
the sulfur trans to P as opposed to trans to S. 
Table 3.4. Calculated relative energies of vinyl metallosulfonium complexes with 
the substituent on the sulfur trans to sulfur (tS) or trans to phosphorus (tP) for 
[Ru-l·C2H3] (left) and its truncated derivatives [(DMPBT)z(DMPBT·C2H3)Ru] 





6.Hts - 6.Htp 





6.GtS - 6.Gtp 6.78 4.95 3.83 
aDMPBT = dimethylphosphinebenzenethiolate, PBT = phosphinebenzenethiolate 
3.6 Structural determination of ruthenium coordinated sulfenic acid 
To definitively assign the protonation state of the sulfenatejsulfenic acid donor of 
ruthenium coordinated sulfenic acid, we re-determined its crystal structure in the new 
crystal system at low temperature (100 K) and high resolution (0.76 A), Table 3.5. As shown 
in the ORTEP representation in Figure 3.22, the gross structural features are consistent with 
those reported in the P-l space group.3.34 A view of the unit cell showing the 8 equivalents 
of ruthenium co-ordinated sulfenic acid in the C2jc space group is provided in Figure 3.23. 
The metal ion sits in a pseudo-octahedral environment with a meridional arrangement of 
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the three P5 chelators. Two of the sulfur donors, 52 and 53, have been oxidized to sulfenic 
acid and sulfinate, respectively. The sulfinate donor 53 sits trans to the thiolate sulfur, 51, 
while the sulfenic acid 52 donor sits trans to PI of the phosphine-thiolate chelate. 







Unit cell dimensions 
Volume 
Z 
Refinement R[F2 > 2u(F2)] 
Absorption coefficient 
Crystal color, habit 
Crystal size 





Max. and min. transmission 
Refinement method 
Data / restraints / parameters 
Goodness-of-fit on F2 
Final R indices [1>20(1)]' 






a= 18.2986 (5) A 





0.33 x 0.21 x 0.20 mm3 
3.37 to 29.62° 
-15<=h<=14, 
71790 
10430 [R(int) = 0.054] 
Semi-empirical from equivalents 
0.949 and 1.000 
Full-matrix least-squares on F2 
10430/7/590 
1.043 
Rl ~ 0.0383, 
wR2 ~ 0.076 
'R1 = LllFol-lFell/ L Fol; wR2 = {L [w(Fo'- Fe')']/ L [w(FO'),]}"/'; wherew = q/s'{Fo') + 
(qp) , + bp. GOF = 5 = {L [w(Fo'- Fe') ']/(n - p)}l/', where n is the number of reflections and 
P is the number of parameters refined 
A comparison of metric parameters, Table 3.5, confirms the previously reported 
decrease in Ru-5 bond distance as a function of sulfur-oxidation from 2.4178(6) A for the 
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thiolate 51, to 2.3639(6) A for the sulfenic acid 52, to 2.2872(6) A for the sulfinate 53. The 
Ru-P bond distances, which are statistically equivalent in P-l, show slight asymmetry in the 
C2/c structure with longer distances of 2.3923(6) and 2.3504(6) A to P2 and P3, which are 
part of the sulfur-oxygenated chelates, as compared to 2.3393(6) A to P1. The formal 
oxidation state of Ru in ruthenium co-ordinated sulfenic acid cannot be deduced from the 
metal-ligand bond distances due to the similar ionic radii of low-spin Ru(II) and Ru(III). In 
the related bis-sulfinate complex, oxidation of Ru(II) to Ru(III) resulted in an average 
decrease in Ru-5 bond distance of only 0.009 A whereas the Ru-P bond distances varied 
slightly by ±0.0185 A. As such, the formal oxidation state of Ru in ruthenium co-ordinated 
sulfenic acid can only be inferred by charge balance if the protonation state of the 
sulfenate/sulfenic acid is known. 
The presence of the sulfenic acid proton was proposed in the P-l structure of 
ruthenium co-ordinated sulfenic acid, based on the relatively long 52-01 distance of 1.69(2) 
A as compared to the sulfinate 5-0 bond distances of 1.55(1) and 1.41(1) A for 53-02 and 
53-03, respectively. The C2/c structure confirms the relatively long 52-01 distance 
(1.6215(18) A) relative to the 53-02 and 53-03 distances of 1.5095(17) and 1.4572(17)A 
respectively. The protonation state of the sulfenic acid H is confirmed in the higher 
resolution C2/c structure by determining the location and subsequent refinement of HI, 
which sits 1.08(4) A from 01. The sulfenic acid proton serves as H-bond donor to 02 
forming an intramolecular hydrogen bond with a Hl .. ·02 interatomic distance of 1.49(4) A 
and an 01-Hl .. ·02 angle of 168(3t. This confirms the strong H-bond proposed by Dilworth 
based on the short 01 .. ·02 distance of 2.42 A in the P-l structure, 3.42 which is 2.549(3) A in 
the C 2 / c structure. 
This reinvestigation of the x-ray crystal structure of ruthenium coordinated sulfenic 
acid confirms the ligation of a protonated, sulfenic acid donor as proposed by Dilworth in 
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1992. The formal oxidation of the ruthenium center is reassigned as Ru(II). Using a 
combination of higher resolution, low temperature data and computational methods, we 
have clearly provide unambiguous evidence for first structurally characterized metal-
coordinated sulfenic acid with refined H-atom coordinates and thermal parameters. 
Figure 3.22: ORTEP representation of the asymmetric unit of 1 in C2/C space group 
Figure 3.23: A view of the unit cell in the C2/c space group showing eight equivalents 
of 1 and the partial occupancy water 
3.7 Computational studies of ruthenium coordinated sulfenic acid 
The formal oxidation of ruthenium coordinated sulfenic acid was previously assigned 
as Ru(III) although this oxidation state is inconsistent with a protonated sulfenic acid.3.27 
The Ru(III) oxidation state requires an anionic, deprotonated sulfenate donor for charge 
balance. To delineate structural differences between these two assignments, we optimized 
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the structure of ruthenium co-ordinated sulfenic acid as the Ru(II)-sulfenic acid and Ru(III)-
sulfenate by density functional theory. Calculated bond-distances for the two structures are 
summarized in Table 3.6. Comparison of the first-coordination sphere for the calculated and 
experimental structures provides no insight on the metal-oxidation state. In both cases, the 
Ru-5 and Ru-P bond distances are overestimated by 0.02 - 0.11 A which is typical for the 
B3LYPjLANL2DZ+6-31g(d) basis-set. However, the 51-01 bond distance is diagnostic with 
a distance of 1.660 A in the Ru(II)-sulfenic acid as compared to 1.519 in the Ru(III) 
sulfenate. Likewise, the presence of the intramolecular H-bond in the calculated Ru(Il) 
structure gives an 01 .. ·02 interatomic distance of 2.5965 A whereas the absence of H-
bonding in the Ru(III) complex results in a much longer 01 .. ·02 interatomic distance of 
3.290 A. Based on our higher resolution x-ray data confirming the protonation state, we 
assign the formal oxidation of ruthenium co-ordinated sulfenic acid as Ru(II). 
Table 3.6. 5elected Experimental and Computational Bond Distances (A) for 1. 
1 (P-1)' 1 (C2jC)b Ru(II)-sulfenic Ru(III)-sulfenatec 
Ru-51 2.396(3) 2.4178(6) 2.4793 2.4930 
Ru-52 2.368(5) 2.3639(6) 2.4522 2.3852 
Ru-53 2.297(3) 2.2872(6) 2.3743 2.3946 
Ru-P1 2.388(4) 2.3393(6) 2.4134 2.4206 
Ru-P2 2.386(3) 2.3923(6) 2.4723 2.5023 
Ru-P3 2.383(3) 2.3504(6) 2.4381 2.4341 
52-01 1.69(2) 1.6215(18) 1.6600 1.5191 
01-H1 not 0 bserved 1.08(4) 1.017 
53-02 1.55(1) 1.5095(17) 1.5260 1.5191 
53-03 1.41(1) 1.4572(17) 1.5020 1.5071 
H1 .. ·02 not 0 bserved 1.49(4) 1.590 
01 .. ·02 2.42 2.549(3) 2.5965 3.290 
'Experimental bond distances from reference 26 with atoms relabeled to match this work. 
3.8 Conclusions 
The ligand center reactivity in solution phase is driven towards the functionalization 
of alkenes utilizing three types of reactions namely base induced eliminations, reversible 
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deprotonation/protonation and markonikov /antimarkonikov type nucleophillic additions. 
Bergman et.a/. showed the formation of stabilized carbanion through base deprotonation of 
cobalt dintorsyl complex that act as the nucleophile for conjugate addition reactions, 
Scheme 3.5. In contrast to the stabilized carbanion formation at masked alkene site of 
cobalt dinitrosyl complex, employing the base protonation towards metal dithioether 
complexes yields an unstablized carbanion that further rearranges to a vinyl 























Scheme 3.5: Functionalization of olefins with cobalt dinitrosoalkanes 
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Scheme 3.6: Base deprotonation of metal dithioether via unstabilized carbanion formation yields vinyl 
metallosulfonium complex. 
The vinyl metallosulfonium complex [Ru-l·CzH3] formed as a result of 
rearrangement of unstabilized carbanion have a vinyl moiety CZH3 i.e. further susceptible to 
a nucleophillic attack due to the partial sulfonium character of S2 directly bonded to vinyl a 
carbon. The carbon, oxygen, nitrogen based nucleophiles competes with the highly 
nucleophillic thiolate S3 of [Ru-l·CzH3] for electrophilic P carbon of the vinyl moiety, 
Scheme 3.7. Unavoidably, the nucleophillic attack at p carbon of the vinyl moiety yields a 
unstabilized carbanion that doesn't yield functionalized metal complex possessing a C-Nu 
bond. Instead, under drastic refluxing conditions in presence of oxygen, S-oxygenated metal 
thiolates are synthesized along with functionalized organic product. 
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Scheme 3.7: Nucleophillic attack at vinyl metallosulfonium complex [Ru-l,C2H3] yields S-oxygenated 
complexes 
However, the nucleophillicity of S3 thiolate of vinyl metallosulfonium complex is 
competitive enough in comparison of other nucleophiles towards generating an 
unstabilized carbanion . The unstabilized carbanion further gets intercepted by adventitious 
or acidic proton regenerating metal dithioether complex, Scheme 3.8. This reversible 
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deprotonation of the ethylene linker in [Ru -1'C2H4]+ proceeds selectively at the carbon 
alpha to the sulfur trans to phosphorus, Figure 3.24. 
) 
Scheme 3.8: S3 thiolate of [Ru-l·CzH3] as favored nucleophile 
Figure 3.24: Space filling model of [Ru-1'C2H4] showing the site of selective 
deprotonation at the pseudo equatorial site H4. 
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CHAPTER 4 
LIGAND CENTERED REACTIVITY IN GASEOUS PHASE 
4.1. Introduction 
The ligand center reactivity of oxidized metal thiolates in the solution phase 
described in the prior chapter is consistent with addition reactions between various alkene 
substrates and a dithiyl radical core, prepared upon oxidization of metal thiolates. The 2e-
oxidation of [Ru-1]- and the le- oxidation of [Re-1] leads to formation of respective metal 
stabilized thiyl radicals [Ru-1]+ and [Re-1]+_ The former undergoes irreversible addition 
reactions with various alkene substrates, while the latter undergoes redox controlled 
reversible addition reaction with ethylene_ In this chapter, the necessity of the dithiyl 
radical core is supported by ion molecule gas phase reactions between fragments of 
oxidized metal thiolate complexes and various alkene substrates within a mass 
spectrometer. Subsequently, the fragments that do not retain the dithiyl radical core shall 
not undergo addition reactions with various substrates thus proving the necessity of dithiyl 
radical core_ 
The metal-thiolate complex [PPN][Ru-1] (pPN = bis(triphenylphosphoranylidene) 
ammonium is known to undergo addition reactions with unsaturated hydrocarbons in 
solution upon electrochemicalfchemical oxidation_4.1-s The proposed mechanism involves 
the intermediate ion [Ru-1]+ a metal-stabilized thiyl radicaL4.6 This chapter presents the 
investigation of the gas-phase reactivity of the [Ru-1]+ ion_ Indeed, the addition reactions of 
[Ru-1]+ with double bond containing neutral molecules, such as alkenes and methyl 
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ketones, in the gas phase are observed. Interestingly, the fragment ions of [Ru-i]+ are also 
reactive toward ethylene if their core structure containing the thiyl biradical moiety 
remains. The ethylene addition product ions dissociate back into [Ru-i]+ upon collision 
induced dissociation (CID), indicating the stability of the ion core structure which is in line 
with the fact that the Ru center and two sulfur radical ligands share delocalized electrons. 
Remarkably, the thiyl radical nature of [Ru-i]+ previously proposed to explain its ethylene 
addition mechanism, was confirmed by the gas-phase reaction of this ion with dimethyl 
disulfide (CH3SSCH3), in which the characteristic CH3S· transfer reaction followed with a 
hydrogen transfer occurs.4.? Analogous CH3S· transfer also occurs at atmospheric pressure. 
These results provide, for the first time, clear mass spectrometric evidence of their radical 
nature of [Ru-i]+ (i.e., the distonic ion structure) which is responsible for the additions with 
alkenes. 
Similar thiolate complexes including [Re-i] and [Ni-i] were also examined. 
Interestingly, although reactions of oxidized [Re-i] or [Ni-i] with CH3SSCH3 take place 
smoothly at atmospheric pressure, via CH3S· transfer, the corresponding reaction failed in 
vacuum. Addition with C,H4 was not observed either, indicating lower reactivities of [Re-i]+ 
and [Ni-i]+ in comparison to [Ru-i]+. 
4.2. Study of ion/molecule reactions at low pressure 
Gas phase ion-molecule reactions in conjunction with mass spectrometry were 
investigated in collaboration with Professor Hao Chen at Ohio University. A detailed 
description of the experimental protocol employed by Prof. Chen has been jointly 
published.4.8 A brief summary of the protocol is presented herein. All experiments were 
performed with a triple quadrupole linear ion-trap mass spectrometer (2000 QTrap@; AB 
Sci ex, Concord, ON, Canada) using a modified ion trapping workflow.4.9 A scheme of the 
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instrument set up is shown in Figure 4.1. Sample solutions were introduced to the 
electrospray ionization (ESI) source with a flow rate of 4 [lL/min. The ESI source was 
operated at +5500 V without added heating (i.e., at room temperature) with a sheath gas 
setting of 20 psi. ESI-MS spectra were collected using the enhanced MS (EMS) mode, in 
which all the ions pass through a mass filtering quadrupole (Q1) and LINAC collision cell 
(q2) without fragmentation, and are then detected by a linear quadrupole ion trap (Q3). 
Collision-induced dissociation (CID) of selected ions was performed using enhanced 
product ion (EPI) mode,4.10 in which the precursor ions were selected in Q1, underwent 
fragmentation in q2, and then the fragment ions were analyzed by Q3. 
For performing low-pressure ion/molecule reactions, ions of interest were mass-
selected in Q1 and trapped in q2. Reagent gases were introduced through the CID gas line 
into q2 (illustrated in Figure 4.1-a,), where they reacted with the selected reactant ion. After 
reaction for 1-8 seconds, the product ions were transferred from q2 into Q3, where they 
were either immediately analyzed by mass-selective axial ejection4.11 or were subjected to 
in-trap CID in Q3. This workflow is typical for most mass spectrometric ion/molecule 
reaction experiments in which reactant ions are selected in vacuum at low pressure to react 
with neutral reagents. 
First, several known gas-phase reactions were used to evaluate the modification of 
the Qtrap instrument for performing ion/molecule reactions at low pressure and the results 
are shown in Figure 4.2.4.8•1'.16 Figure 4.2a showed the reaction of 2,4,6-triphenylpyrylium 
ion (m/z 309) with propylamine, in which m/z 309 was generated by ESI. The condensation 
product ion (m/z 350) from loss of H,O was detected successfully. The second trial reaction 
was the proton transfer reaction of insulin ions with propylamine. The proton can be 
transferred from protonated protein ions to the basic reagent C3H7NH,. The +5 charged 
protein ion (m/z 1147) was selected and after reaction, +4 charged protein ion was 
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detected, along with some adduct ions.4.17 The reaction yield was very high as the precursor 
ion totally disappeared. The third reaction examined was the distonic radical ion reaction 
with CH3SSCH3. The distonic ion GS·· (m/z 307) was generated by in-source cm from 
[GSNO+Hl' (m/z 337) generated by ESI of S-nitrosoglutathione.4.17 The m/z 307 was mass-
selected and reacted with CH3SSCH3. As expected, the radical CH3S. was successfully 
transferred into m/z 307 and the reaction yield was also high. Also some fragment ions 
were observed. All these known reactions indicate that the instrument modification was 
successful and ready for studying new ion/molecule reactions. 
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Figure 4.1: Scheme showing the 2000 QTRAP instrument modified for carrying out the ion/molecule reactions (a) at 
low pressure and (b) at atmospheric pressure, L= dipheniylphosphinobenzenethiolate 
76 




3.2e5 mlz1147 Vnsul ln+5Hr + bJ I ~ !4H7NH2 , 
0 ~ 
1449.2 pnsulin+C,H, NH,+4H]4+ 
1464.1 [insulin+2C, H, NH,+4H]4+ 
1.15e6 
1000 1200 1400 1600 
_s 354.3 "'-, 
m~307 GS> ~ j tr" )\ 
oj I HOOey '---./"'-~ \ "~OOH HOOC • i ~~OOH 
CH3 SSCH, M"' T'---./"'~ 
_ ~ -Glycine 3 7.3 / M" 
20'5.3 231.3 2~9~H,O, 
"" ." 
Figure 4.2: M5 spectra showing the tested ion/molecu Ie reactions of (a) the 2,4,6 - triphenylpyryliu m (m/z 309) 
with propylamine; (b) [insulin+5H]5+ ion(m/z 1147) with propylamine and (c) 65+· (M/Z 307) with CH 355CH 3' L= 
dipheniylphosphinobenzenethiolate 
4.3. Reaction of oxidized metal thiolate complex ions with C,H. 
4.3.1. Mass spectrometric analysis of oxidized metal thiolates 
The ESI-MS and MSjMS spectra for several chosen metal thiolate were first collected 
and analyzed~ As shown in Figure 4.3a, the ESI-MS spectrum of the ruthenium thiolate 
compound [PPN][Ru-1] (100 [lM) in acetonitrile containing 1 mM LiOTf shows a major 
peak at m/z 981, which corresponds to the ion [Ru-1]+~ The isotope peak distribution of this 
detected ion is consistent with the theoretical computation result (Figure 4.3a inset). This 
ion of m/z 981 arises from a two-electron oxidization process from the precursor 
compound (Scheme 4~la). This is due to the inherent electrochemistry of ESI in which 
analytes can undergo reduction-oxidation processes~4~18 In this particular example, the 
compound underwent oxidation to produce the cation [Ru-1]+ (m/z 981). Upon em, [RU-
1]+ (Figure 4.3b) gives rise to fragment ions of m/z 903,872, 825, 796, 794, and 687, by 
consecutive losses of PhH, PhS. , or PPh,. radicals, consistent with its structure~ In the ESI-
MS spectrum, there is also another ion of m/z 997, corresponding to the sulfur oxidized 
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product, which agrees with the fact that the compound [PPN][Ru-l]- is known to form 
sulfoxide products in air.4.19 Figure 4.3c shows the ESI-MS spectrum of another metal 
thiolate compound [Re-l], electrochemical oxidation process involving in one e- transfer 
(Scheme 4.1b) took place to produce the [Re-l]+ ion (mjz 1066). The cm of 1066 (Figure 
4.3d) shows similar fragmentation as [Ru-l]+ (mjz 981). A third metal thiolate, [Ni-l] , with 
only two ligands, was also detected as [Ni-l]+ ion (mjz 644), which was formed during the 
ESI process involving one e- transfer (Scheme 4.1c). Upon cm, [Ni-l]+ (Figure 4.3f) gives 
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Figure 4.3: Metal thiolate ESI-MS spectra of (a) 100 IlM [PPNt[Rul L (c) 100 IlM Rel3, (e) 100 IlM Nilz in 3 
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Scheme 4.1: Oxidation of (a) [PPNt[RuL3r, (b) ReL3 and (c) NiL2 during the ESI ionization process. The observed 
cations [RuL3t (m/z 981), [ReL3t (m/z 1066), and [NiL2t (m/z 644), are regarded as metal-stabilized thiyl radicals, 
L= diphenylphosphinobenzenethiolate. 
4.3.2. Gas phase reactivity of oxidized metal thiolates with ethylene 
In order to examine the gas-phase ion reactivity, the metal complex ions generated 
by ESI were mass selected in Q1 and trapped in Q2 for 8 seconds. This was done by 
modified ion trapping workflow for performing ion/molecule reactions. Figure 4.4 shows 
the acquired MS spectra of the ion/molecule reactions of the oxidized metal thiolate 
complex ions with ethylene. As shown in Figure 4.4a, the precursor ion of [Ru-l]+ (m/z 
981) was selected, a major product ion of m/z 1009 arose, corresponding to the addition of 
ethylene with [Ru-l]+. MS was also used to obtain fragment ions of the product ion m/z 
1009 (Figure 4.4b). In addition, the authentic product sample [Ru-1.C,H.]+CI· was used for 
comparison. The ESI-MS spectrum of the 100 ~M [Ru-1.C,H.]+CI· in acetonitrile was shown 
in Figure 4.4c, in which a major peak of m/z 1009 corresponds to the ethylene addition 
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product [Ru-1.C,H.]+. The ion of [Ru-1]+ (m/z 981) observed in Figure 4.4c is probably due 
to the in-source dissociation of [Ru-1.C,H.]+ (m/z 1009). The [Ru-1.C,H.]+ generated by 
ESI of the authentic sample [Ru -1.C,H.]+CI· was dissociated using the same dissociation 
conditions as that used for the ion/molecule reaction product ion. As illustrated in Figures 
4.4b and 4.4d, two ions of m/z 1009 display the same fragmentation patterns; that is, both 
of the ions dissociate back to [Ru-1]+ (m/z 981) with the same subsequent secondary 
dissociation patterns. These results confirm that [Ru-1]+ (m/z 981) does react with 
ethylene, in line with previously proposed mechanism in the ethylene addition reaction of 
[Ru-1] ' upon oxidation. Also, it indicates that the [Ru-1]+ (m/z 981) has a stable core 
structure of the Ru-stabilized thiyl radical. 
To compare with the reaction of [Ru-1]+, the anion [Ru-1L which is the precursor 
ion of [Ru-1]+ before ESI oxidation, was selected for the ion/molecule reaction with 
ethylene. As shown in Figure 4.5, there is no reaction towards ethylene for this negative ion, 
which means the increased oxidation state does increase reactivity. The other two metal 
thiolate complex ions, [RE-1]+ and [Ni-1]+ were also selected and trapped to react with 
ethylene. However, no addition product ions were observed. For [Ni-1]+, the low reactivity 
maybe due to the trans-configuration of [Ni-1]+ which disfavors the addition reaction. 
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Figure 4.S: MS spectrum showing the ion/molecule reaction of [RuL3f with C2H4' L= 
diphenylphosphinobenzenethiolate 
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4.3.3. Gas phase reactivity of oxidized metal thiolates with various alkene substrates 
Besides ethylene, other alkenes and methyl ketones were also used to test the gas-
phase reactivity of [Ru-l]+. The reactions are shown in Scheme 4.2. Figure 4.6 and 4.7 
shows the mass spectra of ion/molecule reactions of [Ru-l]+ (m/z 981) with various 
neutral reagents including cyclohexene, 1-hexene, acetone and acetone-d6. All the addition 
reactions were successful as the product ions with mass shifts of 82, 84, 58 and 64 Da were 
detected. These reactions were consistent with solution phase reactions,4.1-2.5.6.19.36 except 
that, in solution, the reaction product from acetone further loses an H atom in the presence 
of base. 
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Figure 4.7: ESI-MS spectra of [PPNt[RuL3r in the presence of (a) cyclohexene; (b) I-hexene; (c) acetone; and (d) 
acetone-d
6
, L= diphenylphosphinobenzenethiolate 
4.3.4. Gas phase reactivity studies with fragment ions of [Rul,t 
Besides [RuL,]', the fragment ions of [Ru-l]+ were also used to examine their 
reactivities towards ethylene. As shown in Figure 4.S-a, the fragment ion with a benzene 
loss (m/z 903) from [Ru-l]+ could also react with ethylene to produce the product ion with 
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a mass shift of 28 Da. The oxidized ion m/z 997 also reacted with ethylene (Figure 4.8-c). 
However, the fragment with sulfur involving loss (m/z 687 and 872) showed low or no 
reactivity towards ethylene (Figure 4.8-b and d) as the radical structure was possibly 
disrupted. It appears that, if the radical core structure is preserved, the addition reactivity 
retains. The electronic structure of this oxidized metal thiolate is best described as a 
diradical with unpaired electrons delocalized about Rudy,fS3py and Rudx,fS2px/S6p,.4.6 
I m/. 903 IR L C HI ';' 686.9 b) I m/z 687 
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Figure 4.8: MS spectra showing the gas phase reactions of the ion of (a) m/z 903; (b) m/z 688; (c) m/z 997; (d) m/z 
872 and (e) m/z 796 with ethylene, L= diphenylphosphinobenzenethiolate 
4.4. Kentamma reactions 
4.4.1. Addition reactions between oxidized metal thiolates and dimethyldisulfide 
CH,SSCH, 
Distonic radicals refer to the radicals with spatially separated charge and radical 
sites. They could be identified by gas-phase ion/molecule reaction with CH3SSCH3 to 
produce characteristic CH3S. abstraction products.4.? The reaction of GS" (m/z 307, Figure 
4.2c) mentioned above is one of the examples. In contrast, conventional radical cations only 
undergo fast charge exchange reaction with CH3SSCH3 or are unreactive.4.3?·38 This reaction 
has served as a typical characterization method for probing distonic radical ion structure. 
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4.4.2. Atmospheric pressure and low pressure ion molecule reactions with CH,SSCH, 
First, the atmospheric pressure ion/molecule reactions with CH3SSCH3 were tested 
by preparing the sample solution in 10% CH3SSCH3. The result is shown in Figure 4.9. Note 
the formation of CH3S. transfer product at m/z 1027, m/z 1113 and m/z 691 resulting from 
the reactions of CH3SSCH3 with [Ru·1]+, [Re·1]+, and [Ni·1]+ respectively. All of the three 
kinds of metal thiolate ions could be reacted with CH3SSCH3, and all produced +47 Da 
product ions. The cm of the three product ions are shown in Figure 4.10. All product ions 
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Figure 4.10: CID MS/MS spectrum of the atmospheric pressure ion/molecule reaction product ions of (a) 
• • • [Rul +CH,So-HI Im/z 10271; Ibl [Rel +CH,So-HI Im/z 11131 and leI [Nil +CH,So-HI Im/z 6911, l= 
, , 2 
diphenylphosphinobenzenethiolate. 
The low-pressure ion/molecule reactions of the oxidized metal thiolate complex 
ions with CH3SSCH3 were carried out, and the result was shown in Figure 4.11. As shown in 
Figure 4. 11 a, the + 46 Da product peak was detected for [Ru-l]+, indicating there is + CH3So 
followed with Ho loss. This suggests the radical structure of the precursor ion. We believe 
the reason is that the addition of CH3So with the biradical basically generates an odd 
electron species, a radical cation, which is not stable and forms more stable cation by loss of 
a hydrogen atom. This interpretation is confirmed by the isotope labeling experiment. To 
further explore the reactivity of for [Ru-l]+, the cm of product ion (m/z 1027) and the 
reactivity towards CD3SSCD3 were examined and the results are shown in Figure 4.12 . As 
shown in Figure 4.12a, the product ion (m/z 1027) of [Ru-l]+ with CH3SSCH3 dissociates 
with CH3So loss back to m/z 980. When reacted with CD 3SSCD3, the product ion is m/z 1030, 
indicating + CD3So followed with Ho·loss. Upon cm, the product ion dissociated back to m/z 
86 
979 with a CD3S. loss (Figure 4.12c ). For the other two metal complex ions, there was no 
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Figure 4.12: (a) CID MS/MS spectrum of the reaction product ion of [RuL +CH3Se-H] (m/z 1027); (b) MS spectra 
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showing the ion/molecule reactions of [RuL] with CD SSCD ; (c) CID MS/MS spectrum of the reaction product ion 
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4.5. Conclusions 
In this chapter, three metal thiolate complexes are tested for ion/molecule reactions. The 
addition reactions of [Ru-l]+ with double bond containing neutral molecules in the gas 
phase are observed. The fragment ions of [Ru-l]+ are also reactive toward ethylene if their 
core structure containing the thiyl biradical moiety remains. The thiyl radical nature of [Ru-
1]+ is confirmed by the gas-phase reaction of this ion with CH3SSCH3, in which the 
characteristic CH3S. transfer reaction followed with a hydrogen transfer occurs. CH3S. 
transfer occurs at atmospheric pressure. These results provide, for the first time, clear mass 
spectrometric evidence of the distonic radical nature of [Ru-l]+ which is responsible for the 
addition reactions. Similar thiolate complexes including [Re-l] and [Ni-l] were also 
examined. Although reactions of oxidized [Re-l] or [Ni-l] with CH3SSCH3 take place 
smoothly at atmospheric pressure, the corresponding reaction failed in vacuum. Addition 
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with C,H4 was not observed either, indicating lower reactivities of [Re-i]+ and [Ni-i]+ in 
comparison to [Ru-i]+. Although, the reversible ethylene addition to [Ru-i]+ is not 
observed in the ion molecule reactions, yet the unique characteristic of distonic radical ions 
towards disulfide bond cleavage have significant implications in the folding/unfolding and 
stability of the proteins, specifically in the extracellular environment.4.39-41 
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CHAPTER S 
LIGAND CENTERED REACTIVITY IN SOLID PHASE 
S.llntroduction 
This chapter discusses a series of investigations leading to translation of solution 
phase ligand centered reactivity of rhenium stabilized thiyl radicals IRe·1]+ to the solid 
phase. The metal-stabilized thiyl radical complex IRe-1]+ has been previously reported to 
display 1) kinetic selectivity for ethylene binding over other alkenes, alkynes, and dienes; 2) 
inertness towards H2, alkanes, and other saturated analytes; and 3) quick and reversible 
ethylene binding.5.u The mono cation IRe-1]+ reversibly binds ethylene via C-S bond 
formation/cleavage with an equilibrium binding constant (K2) of 4.0 M·l. Oxidation 
increases binding affinity to 2.5 x 109 M·l (K3), whereas reduction dramatically decreases 
the binding constant (Kl) to 1.9 X 10.11 M·l. Remarkably, these three binding affinities 
ranging 20 orders of magnitude are accessible in a potential window of just 240 mV.5.l 
A solid phase ethylene sensor is constructed by deposition of the IRe-It complex as 
a film across a micro gap gold electrode by drop casting. Consequently, a reversible and 
selective ligand-centered substrate binding to a metal-stabilized thiyl radical has been 
observed. Metal-stabilized thiyl radicals are metal-sulfur complexes with unpaired spin 
density distributed over both the metal and sulfur-ligand centers. These radicals can be 
obtained upon oxidation of a highly covalent metal-thiolate complex resulting in 
distribution of the unpaired spin-density over the metal and sulfur centers.5.3 In this 
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chapter, we translate the well-characterized solution properties of this system to the oolid 
state as a droJXast film across micro gap Au electrodes, Figure 5.1. 
[Re-11PF6 = ••••••••••••••• 
............. ... .. : ........... . 
••• • •••• • ••• I·· •• 
•• ,.t ••••••••••••• : ••• " • •.•••••• ~. 
•• Au E1 ........ 1 Au E2 I •• 
SiC. 
Si 
Figure 5.1: Schematic of metal-stab~ized thiyl radical film (blue circles) deposited as afilm bridging the 23 I'm gap 
between the gold electrodes El and El. 
In collaboration with Dr. Francis P. Zamborini at University of Louisville, this chapter 
addresses concerns such as selectivity, sensitivity and stability of sensors utilizing the 
promising redox regulated reversible ligand-centered ethylene addition to metal stabilized 
thiyl radicals films towards fabricating a robust, selective and quick to target gas 
chemiresistor. 
5.2 Immobilization of [Re-l]+ for solid phase ligand centered reactivity 
To translate the solution reactivity of [Re-l]+ to a solid substrate, a film of the metal 
complex was deposited by droJXast across a microgap electrode, Figure 5.1. Two Au 
electrodes separated by 23 ).UTI were fabricated in a clean room facility by photolithography 
on a 5ij5iOx substrate, Figure 5.2, using previously deocribed methods. Wire leads were 
attached to the Au contact pads with Ag epoxy, which was further insulated with an 
over layer of Torr-seal epoxy. 5.4 55·10 The electrodes were cleaned by rinsing in acetone, 
ethanol, and 2-propanol before drying under N •. The device was then placed in UVO ozone 
cleaner for 10 min prior to film deposition. 
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A 3mM [Re-l]+ complex solution was prepared by oxidation of [Re-l] with 
ferrocenium hexafJuorophosphate in dichloromethane inside a nitrogen filled glove box. The 
deep blue solution of [Re-l]+ was transferred dropwise on the electrode surface and 
allowed to evaporate. The radical complex [Re-l]+ bridges the gap between electrodes El 
and E2 forming an ethylene sensitive resistor, Figure 5.1 and Figure 5.2. Bond formation 
between [Re-l]+ and ethylene yields the metal-centered radical product [Re-l-C,H4]+' 
which quenches the sulfur-centered radical character resulting in increased resistivity.52 
The modified electrode was transferred to a gas mixing chamber with ethylene and nitrogen 
supplies (Figure 5.3). A bias of -1 V was applied and the current measured in the presence of 
variable ethylene: nitrogen ratios under ambient conditions. 
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Figure 5.3: Chronoilmperom etry m eilsurements for ethylene detection 
5.3 Ethylene detection by rhenium stabilized thiyl radicals films 
5.3.1 Reversible ethylene binding observed with 100% ethylene 
Exposure of the [Re-l]+ modified electrode to 100% ethylene with an applied bias of 
-1 V results in a significant decrease in current (Figure 5.4). The mode of detection is 
attributed to an electron hopping mechanism in the delocalized metal-stabilized thiyl 
radical [Re-l]+ that is hindered in the presence of ethylene due localization of the electron 
spin on the metal-center in the analyte bound complex [Re-l'C2H4]+, Figure 5.5. The 
current is restored when nitrogen is reintroduced. Repeated cycling of 100% ethylene and 
100% nitrogen confirms the reversibility of ethylene binding and reproducibility of the 
current response. Before conditioning, the modified electrodes shows fluctuating baseline 
current in their chronoampereometry measurements. This constraint ethylene detection 
measurements since no stable current was achieved. Thus, prior to the ethylene detection, 
the modified electrode is conditioned several times with 100% nitrogen only to obtain a 
stable and reproducible baseline current. 
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Figure 5.4: Plot of current(nA) versus time (5) for a microelectrode coated with a IRe-II· film with cycling of an 
ethylene (green dot) and nitrogen (blue dot) atmosphere. 
spin density 
Figure 5.5: Fall in current due to localized spin density and rise in current due to delocalization of spin density 
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5.3.2 Calibration of chemiresistive ethylene sensor 
For ethylene concentrations between 0.9% and 31.3 %, the average percent 
response is 0.41 - 3.52 with standard deviations of 0.06 - 0.39, Figures 5.6, Table 5.1, and 
Figures 5.7 - 5.12. The solid-state data shows a rapid increase in percent response at low 
ethylene concentrations allowing quantification of gaseous concentrations between 0.4 and 
20%. At higher ethylene concentrations, the binding sites within the film become saturated 
and the response begins to plateau near 30% ethylene with only gradual signal increases 
with additional analyte. Maximum average percent response is obtained at an optimum 
total flow rate (C,H4+ N,) of 1600-2200 mljmin. Above 2200 mljmin, the volume of 
nitrogen entering the sensing chamber is higher enough to mask the fall in current due to 
ethylene addition induced localization of spin density. Below 1600 mljmin, poorer average 
percent response is obtained and is attributed to the spacious chamber design, not allowing 
enough ethylene to reach electrode surface leading to larger availability of IRe-l]+ sites at 
the modified electrode surface. 
Table 5.1 Percent current response for IRe-I]· coated 
Au microgap electrodes in the presence of various C2H4 
concentrations. 
Percent Percent Standard 
Ethylene Response Deviation 
0 0 0 
0.9 0.41 0.06 
2.8 1.39 0.44 
4.0 1.49 0.15 
11.1 2.49 0.14 
19.4 3.35 0.19 
26.3 3.11 0.22 
31.2 3.52 0.40 
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Figure 5.12: Chronoamperometry measurement for 0.86% ethylene detection 
5.4 Selectivity Studies with 1· Hexene 
A significant advantage of immobilized [Re·l]· modified electrode system is its high 
selectivity. The selectivity of the sensor derives from the steric constraint of the ligand-
centered ethylene-binding site. Prior solution studies revealed kinetically retarded binding 
of larger alkenes to [Re·l]· and no observable binding of H2, CO, or other small 
molecules.5.1-2 To demonstrate the selectivity of the solid state device, the detector was 
exposed to a gaseous mixture of 19.3% I-hexene and nitrogen. No detectable change in 
resistivity was observed, whereas the same concentration of ethylene provided a response 
of over 3.5%, Figure 5.13. Additionally, the electrodes are air· stable and can be stored for 
up to 6 months under ambient conditions with no significant change in response to 100% 
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Figure 5.13: Plot of normillized cu rrent versus time(s) for [Re-l]+ cOilted Au microgilp electrodes in the presence of 
19.3% ethylene (blue) ilnd 19.3% 1-hexene (red) ilt 19.5 · c 
The Antoine equation at Dortmund data bank DDBST is used to calculate the vapor 
pressure of 1-hexene at 19.5°C. The DDBST provides thermodynamic and transport 
properties of pure components and mixtures for process designs. Two parameter sets for 1-
hexene are used since antoine equation is not flexible enough to be used to describe the 
saturated vapor pressure curve from triple point to the critical point. A low-pressure 
parameter set is used to describe the vapor pressure curve up to the normal boiling point 
and the second set of parameters is used for the range from the normal boiling point to the 
critical point. 
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Table 5.2: Antoine equation P= 10 [A· {BjC+11l with parameters 
No A B C T(Min) °C T(Max) °C 
1 6.9641 1207.3 232.154 9 100 
2 6.81159 1073.08 209.371 62 226 
Temperature °C Pressure 1 (mm ofHg) Pressure 2 (mm ofHg) 
19.5 146.771 T< Tmin 
The concentratIOn 19.31 % IS calculated as [P /760 mm ofHg]*100 
5.5 Conclusions 
The results demonstrate the feasibility of reversible ethylene sensing through 
simple resistance measurements utilizing films of a metal-stabilized thiyl radical on 
microgap solid-state electrodes. The mode of detection is attributed to an electron hopping 
mechanism in the delocalized metal-stabilized thiyl radical that is hindered in the presence 
of ethylene due localization of the electron spin on the metal-center. Figure 5.14. The 
relatively high limit of detection is attributed to the weak ethylene binding affinity. K2 = 4 M-
". of the immobilized [Re-1]+ complex. An advantage of this immobilized [Re-1]+ modified 
electrode system is the ability to correlate ethylene sensing at the solid/gas phase interface 
with well-characterized solution phase reactivity. The similar selectivity between the 
heterogeneous and homogenous phase suggest that mode of binding is similar with a 
sterically restricted ligand-centered binding site responsible for the high selectivity. The 
electrodes are simple to construct. long-lived. and functional under ambient conditions. 
As discussed in section 5.1. the oxidation from [Re-1]+ to [Re-1],+ increases binding affinity 
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to 2.5 X 109 M-l (K3). This highly reactive redox active ligand site of dicationic dithiyl radical 
core have potential of increasing sensitivity of a tailored Au- electrode surface to sub-ppm 
level ethylene detection. In the highly air free environment, the efforts in surface 
modification, ambient oxidizing agents and instrumental setup suitable to the modified 
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Figure 5.14: (a) modified electrode surface (b) Plot of current (nA) versus time (s) for a microelectrode coated with 
a [Re-l]+film with cycling of an ethylene (green dot) and nitrogen (blue dot) atmosphere. (c) Mode of 




This thesis investigates ligand-centered reactivity of metal thiolate complexes [Ru-
1]- and [Re-l] in solution, solid and gaseous phases and [Ni-l] complex in gaseous phase_ 
The reactivity at non-innocent redox active ligand center towards catalysis and sensing 
based applications is unraveled using air free synthesis, dynamic nuclear magnetic 
resonance (NMR) spectroscopy, electrochemistry, mass spectrometry, elemental analysis, 
surface modification methods, X-ray crystallography, and density functional theory (DFT) 
calculations_ 
For metal dithioether complex [Ru-l'C,H.]+, catalytically significant reactions such 
as base induced eliminations, reversible and selective deprotonation/protonation and 
markonikov/antimarkonikov type nucleophillic additions are probed in the solution phase 
studies with primarily the DFT calculations and variable temperature NMR spectroscopy_ A 
series of complexes have been prepared through successive ligand-centered reactions 
based on the tris(diphenylphosphinobenzenethiolato) (DPPBT) metal complex [Ru-l]-- This 
leads to the development of a reversible and selective ligand centered reactivity allowing 
deuteration of the coordinated ethylene_ It also discusses a structural reinvestigation, 
supported by DFT, of a novel ruthenium sulfur-oxygenate with three sulfur donors in 
distinct oxidation states; thiolato, sulfinato and sulfenic acid_ 
In gas phase studies, the ion molecule addition reactions at non-innocent redox 
active ligand centers of oxidized metal thiolates [Ru-l]+, [Re-l]+ and [Ni-l]+ are probed 
with mass spectrometric techniques_ The necessity of the dithiyl radical core is supported 
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by ion molecule gas phase reactions between fragments of oxidized metal thiolate 
complexes and various alkene substrates within a mass spectrometer. The Kentamma 
reaction with dimethyldisulfide confirms distonic radical character of metal stabilized thiyl 
radical complex that has radical and charge centers are separate. 
The solid phase ligand center reactivity studies of immobilized rhenium stabilized 
thiyl radical complex are probed using electrochemical and surface modification methods. 
The redox controlled reversible addition of ethylene to rhenium-stabilized thiyl radicals 
IRe-l]+ in small window of 0.240 V is harnessed towards its ethylene sensing applications. 
Consequently, a robust, selective, sensitive and quick to target gas solid-state chemiresistor 
sensor is developed with immobilized metal stabilized thiyl radical complex films. 
6.1. ligand centered reactivity in solution phase 
Organic trialkyl sulfonium (R3S') compounds are known to undergo base induced 
eliminations to yield alkenes and sulfides?·1·8 The thioether co-ordination to metal center 
imparts sulfonium character at the ligand center leading to the base induced eliminations 
and considered as metalloderivative of trialkylsulfoniums or metallosulfoniums. The base 
deprotonation of metal dithioether complex yields an unstabilized carbanion that further 
rearranges to a vinyl metallosulfonium precursor complex. In contrast to this, through base 
deprotonation of cobalt dintorsyl complex, Bergman et.a/. have shown formation of 
stabilized carbanion that act as the nucleophile for conjugate addition reactions?·9·11 
Nevertheless, the series of ligand centered reactions with metallosulfonium complexes of 
IRu-l]' and IRe-l] have a broader impact in unraveling catalytic organic transformations, 
selective deuteration of alkenes, functional mimics of metalloenzymes and energy 
conversion multi-electron pathways, Scheme 6.1. 
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Scheme 6.1: Catalytic functionalization of alkenes with successive ligand centered reactions of oxidized 
metal thiolates 
6.1.1. Selective and reversible protonation/deprotonation 
The selective deprotonation/protonation and reactivity of a cationic 
metal-dithioether complex prepared by oxidation- induced alkene addition to a 
metal-thiolate precursor is confirmed. The steric and electronic effects induced by 
diphenylphosphinebenzenethiolate ligand (DPPBTH) at metal as well as at the thioether 
ligated centers constraints the deprotonation/protonation as only one proton is selectively 
removed generating a vinyl metallosulfonium complex [M-l·CzH3] with the vinyl 
substituent on the sulfur trans to the TI-accepting phosphine. The DFT calculations confirm 
deprotonation to yield this structural isomer to be enthalpically driven.6.12 Protonation of 
[M-l·CzH3] to [M-l·CzH4]+ under acidic conditions is also confirmed as a selective process 
by deuterium labeling studies, Figure 6.1. 
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Figure 6.1: Selective and reversible deuteration of ethylene via ruthenium coordinated dithioethers 
Webster et al. and Blake et al. have reported cationic metal-dithioether complexes with 
five-membered chelate structures that readily undergo base-induced elimination, yielding 
metal complexes with one thiolate and one vinyl substituent.6.13-16 The resulting vinyl 
metallosulfonium complexes are susceptible to further reactivity. The examples include the 
reversible deprotonation/protonation of [Co- (TTCN)2J3+ with a pKa near 4.0 in aqueous 
solution by Blake et al. and the intramolecular C-C coupling between a C6Me6 ring and the 
vinyl sulfide in the presence of excess base reported by Goh and Webster. 
6.1.2. Catalytic deuteration with ruthenium (Ru) and rhenium (Re) co ordinated thiyl 
radicals 
Although the ruthenium coordinated dithioether complex [Ru-l·CzH4]+ undergoes 
reversible and selective deprotonation/protonation, the products are thermodynamically 
stable d6 Ru(II) complexes and therefore constraints the formation of functionalized 
deuterium labeled ethylene.6.17-21 Unlike [Ru-l]+, alkene addition to related rhenium 
derivatives [Re-l]n+ (n = 0, 1,2) is significantly slower, but reversible. The [Re-l]+ complex 
reversibly binds ethylene in a dynamic equilibrium and a potential precursor for per-
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deuteration, Figure 6.2. The addition of 1 base equivalent will lead to potential 
deprotonation of [Re-1·CzH4)2+to vinyl metallosulfonium derivative [Re-1·CzH3]+. Also the 
protonation of [Re-1·CzH3]+ to [Re-1·CzH4)2+ under acidic conditions should be a congruent 
selective process as confirmed for ruthenium metallosulfonium complex [Ru-1·CzH3] by 
deuterium labeling studies. Oxidation of [Re-1·CzH4]+ to [Re-1·CzHd z+ stabilizes the C-S 
bonds and increases the equilibrium binding constant from 4.0 M-l (Kl) to 2.5 X 109 M-l (Kz). 
Consequently, the C-S bond cleavage leading to ethylene release is unlikely for [Re-
1·CzH4)2+ and per-deuteration can be harnessed only for [Re-1·CzH4]+ species within 
dynamic equilibrium binding regime of 4.0 M-l. 
DCl/DBr 
( 






~+ ~ Ph2P ~ o::;;,le(\
Ph2 OS Ph2P ..... _ ~ \.Q 
Figure 6.2: Multiple deuteration cycles with vinyl metallosulfonium complex of rhenium (Re) 
6.2. Ligand centered reactivity in gas phase 
In collaboration with Professor Hao Chen from Ohio University, the ligand centered 
reactivity of oxidized metal thiolates is studied in the gaseous phase.6.22 The highest 
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occupied molecular orbital HOMO of oxidized metal thiolates have significantly localized 
electron density at both sulfur and metal centers arisen due to a stronger M-S dn-pn 
repulsive interaction in comparison to the intraligand pn-pn interactions.6·23 The enhanced 
nucleophillicity at sulfur centers of this octahedral M(AB)3 complex is stabilized by metal 
center. Consequently a dithiyl radical core as substrate-binding platform is developed for 
various alkene binding at their cis sulfur sites. The necessity of the dithiyl radical core is 
confirmed by ion molecule gas phase reactions between fragments of highly nucleophillic 
oxidized metal thiolate complexes and various alkene substrates within the mass 
spectrometer. Subsequently, the fragments that do not retain the dithiyl radical core do not 
undergo addition reactions with various substrates thus proving the necessity of dithiyl 
radical core. 
6.2.1. ligand center reactivity with variety of substrates 
Besides electron donating, withdrawing and cyclic alkene addition to metal 
stabilized thiyl radicals, a range of other substrates can potentially bind to dithiyl radical 
core such as RS-SR, H" RX {X= Br, I; R= aliphatic, aromatic or bioinorganic group}, epoxides, 
RC(O)NH2, RNC(O)or Kentamma type RS' abstraction subsequently leading to C-H 
functionalization. Both at atmospheric pressure and low pressure, the ion molecule addition 
reaction between oxidized metal thiolates [Ru-l]+, [Re-l]+, [Ni-l]+ with these novel 
substrates can potentially be detected by +Da product mass shifts of addition product ions. 
6.2.2. Modification of metal thiolate complexes 
Around the primary motif of dithiyl radical core, the ligand as well as central metal 
ion can be tailored for investigating the ligand-centered reactivity in gaseous phase. The 
tridentate ligand 1,4,7 trithiacyclononane, Figure 6.3 forms low spin complexes with first 
row hard metal ions such as Fe (II), Co(II), Cu(lI) and Ni(lI) etc. leading to formation of mer-
octahedral complexes, Figure 6.4.6·1H4,'4·'9 Firstly, the ion molecule reaction of these 
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complexes can be tested with various alkenes (electron withdrawing, electron releasing and 
cyclic). The addition product peaks are easily detected with +Da mass shifts in the +ESI-MS 
spectrum. Again, the fragments that do not retain the dithiyl radical core do not undergo 
addition reactions with various substrates thus proving the necessity of dithiyl radical core. 
Figure 6.3: Tridentate l,4,7-trithiacyclononane ligand 
Figure 6.4: Metal thiolate complexes of earth abundant metals and TTCN ligands with dithiyl radical core 
6.3. Solid phase reactivity 
The redox regulated reversible ethylene addition to metal stabilized thiyl radical 
[Re-l]+ in solution phase is translated to solid phase by drop casting [Re-l]+ film across 
microgap electrode. This modification of electrode device has led to fabrication of a robust, 
selective and quick to target gas sensor. In collaboration with professor Francis P. 
Zamborini at university of Louisville, this chemiresistive sensor addresses concerns such as 
selectivity, sensitivity and stability. 
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6.3.1. Selective, sensitive and stable chemiresistive ethylene sensor 
Exposure of the [Re·l]+modified electrode to 100% ethylene results in a significant 
decrease in current. The mode of detection is attributed to an electron hopping mechanism 
in the delocalized metal-stabilized thiyl radical [Re-l]+ that is hindered in the presence of 
ethylene due localization of the electron spin on the metal-center in the analyte bound 
complex [Re-l·C,H.]+. The current is restored when nitrogen is reintroduced. The solid-
state device shows a rapid increase in percent response at low ethylene concentrations 
allowing quantification of gaseous concentrations between 0.4 and 20%. At higher ethylene 
concentrations, the binding sites within the film become saturated and the response begins 
to plateau near 30% ethylene with only gradual signal increases with additional analyte. A 
significant advantage of immobilized [Re-l]+ modified electrode system is its high 
selectivity. The selectivity is confirmed when the detector is exposed to a gaseous mixture 
of 19.3% 1-hexene and nitrogen. No detectable change in resistivity is observed, whereas 
the same concentration of ethylene provided a response of over 3.5%. Additionally, the 
electrodes are air-stable and can be stored for up to 6 months under ambient conditions 
with no significant change in response to 100% ethylene despite the air-sensitivity of [Re-
l]nin solution. 
6.3.2. Film modification with Au -Self Assemble monolayers and Multilayers 
assembly 
Ulman method of self assembled monolayers and multilayers formation can 
potentially lead to increase in the limit of ethylene detection?.3O The immersion of electrode 
device into aminothiophenol (ATP) linker followed by repetitive immersions into 10 nm Au 
seed solution and [Re-l]+ can potentially lead to the enhanced sensitivity of solid state 
electrode device. The presence of the Au nanoparticies support electron transfer from 
electrode surface to the [Re-l]+complex and the presence ofmultilayers of the complex will 
lead to more surface sites and a larger concentration range for sensing ethylene. The high 
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oxygen sensitivity of [Re-l]+ solution can be addressed by engineering the sensing films 
inside the glove box. 
6.3.3. Film modification with Silver nanowire formation on Au-Inter Digitated Array 
electrodes 
The silver nanowire based electrochemical-controlling strategy for connecting metal 
junctions provide shorter path for current flow between two electrodes, thus enhancing the 
sensitivity of target gas detection.6.31·37 The Au-IDA's are electrochemical cleaned with 0.1 M 
sulfuric acid followed by chemisorption with aminothiophenol linker and electrochemical 
desorption of Au El in 0.1 M ethanolic KOH solution with scanning potential from -0.2 V to -
1.2 V, Figure 6.5. 




Figure 6.6; Schematic diagram of Ag nanowire formation at the electrode surface 
The silver wire is formed by depositing 6.0 x 10-5 C silver with SmM AgN0 3 solution after 
immersion into Au 3-5 nm seed and [Re-l]+ complex Figure 6.6. The oxidation from [Re-l]+ 
to [Re-l]Z+ increases binding affinity to 2.5 x 109 M-l (K3 J. This highly reactive redox active 
ligand site of dicationic dithiyl radical core have potential of increasing sensitivity of a 
tailored Au- electrode surface to sub-ppm level ethylene detection. In the highly air free 
environment, the efforts in surface modification such as Au-SAM, multilayer assembly, 
silver nanowires with El( AgNW jSAMjE2 junction using ambient oxidizing agents and 
instrumental setup suitable to the modified electrode surface will lead to a sub ppm level 
ethylene sensing device, Figure 6.7. 
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Figure 6.7: A sub·ppm level ethylene sensing regime 
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Table 1: Optimized Coordinates for [Ru-l·C,H3] with Sulfur trans to phosphorus (tP) 
Atom X Y Z 
Ru -0.021916 0.443982 -0.08447 
S -0.230505 0.794873 2.384643 
S 0.092957 2.935983 -0.565859 
S 0.053603 0.04906 -2.567145 
P -2.460882 0.719963 -0.086289 
P 2.450054 0.719062 -0.03226 
P -0.056035 -1.958181 0.092344 
C -2.005338 1.120362 2.681185 
C -2.397832 1.4202 4.006151 
C -3.727031 1.690164 4.321882 
C -4.70908 1.678984 3.318998 
C -4.337307 1.384143 2.006488 
C -2.998004 1.089553 1.677367 
C -3.067346 2.24898 -1.058448 
C -3.569649 3.388732 -0.411561 
C -3.979328 4.504883 -1.154782 
C -3.884571 4.497934 -2.54943 
C -3.364613 3.371481 -3.197879 
C -2.954559 2.256649 -2.459521 
C -3.64682 -0.606864 -0.766355 
C -4.723515 -1.121585 -0.029396 
C -5.597415 -2.050717 -0.607958 
C -5.401855 -2.482882 -1.923024 
C -4.310811 -1.997032 -2.651696 
C -3.435259 -1.068515 -2.078161 
C 1.808847 3.226146 -1.241671 
C 2.033368 4.396179 -1.97413 
C 3.294262 4.628501 -2.532505 
C 4.316538 3.689051 -2.355619 
C 4.079175 2.521638 -1.622127 
C 2.816827 2.277502 -1.055174 
C 3.221603 1.166564 1.642472 
C 3.095408 0.246653 2.697374 
C 3.648947 0.529326 3.950502 
C 4.319213 1.738342 4.169625 
C 4.436261 2.66325 3.126999 
C 3.894149 2.378435 1.866746 
C 3.750457 -0.452442 -0.771288 
C 3.555831 -0.918886 -2.083751 
C 4.500157 -1.764953 -2.675492 
C 5.648388 -2.14647 -1.969218 
C 5.84912 -1.674528 -0.667859 
C 4.90443 -0.829859 -0.069092 
C 0.162734 -1.769301 -2.734742 
C 0.290255 -2.301273 -4.038291 
C 0.425458 -3.671896 -4.247202 
C 0.44617 -4.555125 -3.156603 
130 
C 0.312831 -4.044543 -1.864603 
C 0.156435 -2.661532 -1.641413 
C -1.580327 -2.836598 0.827126 
C -2.228753 -3.901074 0.183893 
C -3.290396 -4.564552 0.811735 
C -3.719021 -4.170346 2.083209 
C -3.096088 -3.08922 2.715984 
C -2.038041 -2.420476 2.089705 
C 1.311191 -2.839575 1.094017 
C 2.447478 -3.370713 0.463079 
C 3.439796 -4.018118 1.211495 
C 3.314281 -4.138131 2.598296 
C 2.191247 -3.598486 3.236522 
C 1.197953 -2.952247 2.491743 
C 0.20825 3.926145 1.009429 
C -0.516344 5.032958 1.165436 
H -1.637081 1.441887 4.779516 
H -4.000072 1.918788 5.348111 
H -5.744036 1.903153 3.555904 
H -5.090874 1.398774 1.225743 
H -3.640045 3.417725 0.668289 
H -4.375376 5.374532 -0.638398 
H -4.205276 5.361152 -3.124594 
H -3.270557 3.359291 -4.27941 
H -2.515958 1.412391 -2.97572 
H -4.876857 -0.824241 0.999095 
H -6.425534 -2.439162 -0.023089 
H -6.083289 -3.200076 -2.370409 
H -4.132586 -2.342191 -3.665492 
H -2.575714 -0.726817 -2.642917 
H 1.226343 5.106634 -2.114634 
H 3.472219 5.530696 -3.10852 
H 5.295355 3.859985 -2.791968 
H 4.873686 1.795612 -1.493485 
H 2.557738 -0.681663 2.549178 
H 3.543416 -0.191336 4.755001 
H 4.741297 1.959537 5.145005 
H 4.951333 3.605357 3.288288 
H 4.002686 3.101333 1.066885 
H 2.670726 -0.621631 -2.63479 
H 4.335358 -2.124249 -3.686313 
H 6.380676 -2.80162 -2.431049 
H 6.738456 -1.959992 -0.114266 
H 5.06984 -0.476393 0.941403 
H 0.290646 -1.617135 -4.880617 
H 0.524055 -4.054227 -5.259152 
H 0.566794 -5.622257 -3.311875 
H 0.344354 -4.723518 -1.018394 
H -1.926407 -4.208534 -0.80851 
H -3.783542 -5.385371 0.300127 
H -4.538395 -4.691066 2.569406 
H -3.434024 -2.756835 3.692693 
131 
H -1.578899 -1.566663 2.574819 
H 2.567584 -3.283599 -0.608973 
H 4.309663 -442133 0.703255 
H 4.081456 -4.64417 3.176182 
H 2.081322 -3.682807 4.313413 
H 0.340092 -2.541053 3.006285 
H 0.848046 3488918 1.76527 
H -1.183973 5404986 0.39461 
H -0470874 5.59176 2.0968 
Table 2: Optimized Coordinates for [Ru-l·C,H3] with Sulfur trans to sulfur (tS) 
Atom X Y Z 
Ru -0.001256 -0.530458 -0.127075 
S 0.323814 -1.005752 2.333119 
S -0.104685 -2.986896 -0.626536 
S -0.048904 -0.087483 -2.549824 
P 2442163 -0.803036 -0.217528 
P -2469442 -0.816993 -0.135612 
P 0.00825 1.925178 0.105576 
C 2.171147 -1.066545 2.620178 
C 2.609167 -1.154217 3.949304 
C 3.977544 -1.182958 4.233281 
C 4.904112 -1.119587 3.186663 
C 4459024 -1.015027 1.86537 
C 3.083979 -0.977259 1.560147 
C 3.099859 -2.3763 -1.071386 
C 3.937676 -3.298807 -0429817 
C 4413851 -4422499 -1.119153 
C 4.056295 -4.633989 -2453153 
C 3.199619 -3.728448 -3.089435 
C 2.712178 -2.61341 -2401698 
C 3.589522 0.502633 -1.004703 
C 4437723 1.33699 -0.2612 
C 5.277746 2.253 -0.907833 
C 5.267709 2.36085 -2.300931 
C 4.399356 1.555359 -3.046052 
C 3.566428 0.63264 -2405455 
C -1.778237 -3.300707 -1.264697 
C -2.034223 -4.514546 -1.937613 
C -3.301842 -4.792236 -2447773 
C -4.34638 -3.866246 -2.30219 
C -4.105457 -2.663575 -1.632765 
C -2.83163 -2.382214 -1.111697 
C -3.225213 -1.195541 1.565112 
C -3.128324 -0.231782 2.584904 
C -3.655748 -0489293 3.855699 
C -4.275016 -1.715541 4.126691 
C -4.368554 -2.68099 3.118188 
C -3.850559 -2422562 1.841423 
C -3.756031 0.367402 -0.880755 
C -3.56012 0.816134 -2.199405 
132 
C -4.500847 1.656791 -2.804317 
C -5.652113 2.047093 -2.107886 
C -5.858596 1.588069 -0.802977 
C -4.914959 0.75194 -0.190356 
C -0.128026 1.731052 -2.721812 
C -0.212844 2.257683 -4.030954 
C -0.351489 3.626022 -4.248894 
C -0.421891 4.51232 -3.162428 
C -0.328873 4.006885 -1.865159 
C -0.16241 2.626445 -1.633027 
C 1.504254 2.838188 0.868089 
C 2.14855 3.916328 0.24374 
C 3.189698 4.593985 0.890819 
C 3.60864 4.199867 2.165737 
C 2.990186 3.108201 2.785771 
C 1.950202 2.431151 2.138091 
C -1.381477 2.836023 1.060202 
C -2.534066 3.282647 0.393964 
C -3.555002 3.936596 1.096557 
C -3.443683 4.148387 2.473644 
C -2.302594 3.698203 3.147863 
C -1.280408 3.047513 2.447278 
C -0.187455 -2.732498 2.802619 
C 0.576003 -3.688749 3.324332 
H 1.881241 -1.199587 4.751757 
H 4.314615 -1.252487 5.262358 
H 5.968469 -1.145128 3.39612 
H 5.185004 -0.957053 1.062666 
H 4.218036 -3.165372 0.607042 
H 5.060247 -5.128996 -0.607236 
H 4.427361 -5.50325 -2.987311 
H 2.889818 -3.898691 -4.115659 
H 1.999303 -1.9566 -2.88534 
H 4.440276 1.301735 0.820036 
H 5.928433 2.887447 -0.314359 
H 5.919935 3.070618 -2.80028 
H 4.366402 1.641466 -4.127506 
H 2.889513 0.03267 -2.998031 
H -1.222971 -5.2234 -2.06483 
H -3.475793 -5.728531 -2.970479 
H -5.330331 -4.075985 -2.709065 
H -4.906765 -1.941076 -1.51734 
H -2.644432 0.718381 2.391194 
H -3.578737 0.267584 4.630071 
H -4.679217 -1.91657 5.113962 
H -4.846942 -3.634694 3.319096 
H -3.933278 -3.173436 1.06441 
H -2.677409 0.505821 -2.746293 
H -4.333649 2.001274 -3.819957 
H -6.383494 2.695089 -2.58124 
H -6.752972 1.874951 -0.257983 
H -5.089067 0.407268 0.821682 
133 
H -0.182343 1.570926 -4.870721 
H -0.417894 4.004397 -5.264886 
H -0.551425 5.577257 -3.325494 
H -0.403636 4.687255 -1.02267 
H 1.856212 4.223863 -0.751548 
H 3.674643 5.427229 0.391647 
H 4.41178 4.731127 2667029 
H 3.314342 2.779838 3.768566 
H 1.492249 1.579664 2.626341 
H -2.643201 3.124397 -0.671069 
H -4.436716 4.271142 0.560213 
H -4.234346 4.657693 3.015687 
H -2.199828 3.859849 4.216716 
H -0.401151 2.724775 2.989861 
H 0.130686 -4.64959 3.565759 
H 1.639338 -3.584464 3.505231 
H -1.243619 -2.848997 2.597604 
Table 3: Optimized coordinates for [(DMPBTj,(DMPBT·C,H3)Ru] with sulfur trans to phosphorus 
(tP) 
Atom X Y Z 
Ru 0.051371 0.004352 -0.077411 
0 -1.671807 -0.30038 1.722909 
0 -1.308841 1.676148 -1.390353 
0 1.82599 0.21317 -1.848739 
P -1.055101 -1.819413 -1.130995 
P 0.91407 1.935898 1.004312 
P 1.571059 -1.441709 0.967159 
C -2.674081 -1.737562 1.172507 
C -3.723721 -2.182108 2.006187 
C -4.51877 -3.267206 1.640791 
C -4.291984 -3.94436 0.431823 
C -3.257988 -3.517222 -0.402694 
C -2.455181 -2.423256 -0.039466 
C -1.023331 3.328871 -0.542966 
C -1.774896 4.431189 -0.965812 
C -1.550607 5.683127 -0.386387 
C -0.571021 5.832835 0.603288 
C 0.178078 4.727354 1.015481 
C -0.04623 3.462894 0.447121 
C 3.272395 -0.646844 -1.122077 
C 4.505414 -0.59531 -1.809437 
C 5.635326 -1.235469 -1.303692 
C 5.574332 -1.947882 -0.094731 
C 4.36308 -2.011798 0.595529 
C 3.222076 -1.369108 0.088026 
C -3.113912 1.437845 -1.017783 
C -4.007675 1.371008 -2.004452 
C 1.185618 -3.269659 1.050416 
134 
C 2.009669 -1.189076 2.767353 
C -0.108133 -3.384269 -1.520067 
C -1.86318 -1.583076 -2.800741 
C 0.851754 2.1643 2.859265 
C 2.677617 2.479044 0.701337 
H -3.901435 -1.665082 2.943148 
H -5.318749 -3.590434 2.30045 
H -4.910168 -4.789763 0.148427 
H -3.073335 -4.035108 -1.340579 
H -2.527657 4.309722 -1.736533 
H -2.135311 6.537892 -0.7097 
H -0.392684 6.804135 1.052365 
H 0.932962 4.845343 1.786912 
H 4.560519 -0.044063 -2.742027 
H 6.571753 -1.178563 -1.850903 
H 6.455837 -2.4425 0.299467 
H 4.303345 -2.561899 1.531509 
H -3.321231 1.285856 0.035308 
H -3.737797 1.497625 -3.048778 
H -5.053505 1.173426 -1.78447 
H 0.277734 -3.418206 1.59684 
H 1.072439 -3.655823 0.058969 
H 1.986136 -3.780888 1.543079 
H 2.532796 -2.048714 3.13103 
H 2.632816 -0.324723 2.864722 
H 1.114363 -1.049238 3.336363 
H -0.131578 -4.03565 -0.671507 
H -0.557814 -3.874193 -2.358316 
H 0.906841 -3.138362 -1.753001 
H -1.943035 -2.528528 -3.295356 
H -2.839681 -1.166086 -2.66858 
H -1.269202 -0.919384 -3.393701 
H 1.536281 2.934726 3.146957 
H -0.139746 2.440781 3.151472 
H 1.123072 1.248082 3.340754 
H 3.348813 1.722185 1.049991 
H 2.828066 2.633934 -0.346649 
H 2.86506 3.391798 1.227308 
Table 4: Optimized coordinates for [(DMPBTj,(DMPBT·C,H 3)Ru] with Sulfur trans to sulfur (tS) 
Atoms X Y Z 
Ru 0.043717 -0.098147 0.31004 
S -1.554429 0.84386 -0.992911 
S -1.344209 -1.224616 1.707782 
S 1.736318 -0.596317 1.731469 
P -0.2922 1.851972 1.544906 
P -0.027365 -2.124834 -0.847628 
P 1.786689 0.715713 -1.003298 
C -1.441426 2.623054 -0.831406 
C -1.895389 3.493159 -1.827882 
135 
C -1.757671 4.879564 -1.64762 
C -1.168887 5.383501 -0.473046 
C -0.716293 4.502489 0.520311 
C -0.862582 3.126973 0.32524 
C -2.218444 -2.479696 0.780722 
C -3.440696 -3.013838 1.209987 
C -4.085591 -3.982596 0.421746 
C -3.509708 -4.403149 -0.790127 
C -2.283734 -3.86376 -1.209096 
C -1.648696 -2.910199 -0.408237 
C 3.247443 -0.787096 0.790566 
C 4.349378 -1.490737 1.290884 
C 5.501594 -1.624307 0.497378 
C 5.540947 -1.063116 -0.79251 
C 4.43047 -0.361632 -1.286015 
C 3.301063 -0.216835 -0.477469 
C -3.15954 0.284031 -0.463659 
C -4.234337 1.099602 -0.593733 
C 12877 2.398959 2.381603 
C -1.59429 1.559397 2.853845 
C 1.45183 0.452745 -2.824672 
C 1.997897 2.547189 -0.682777 
C 0.083221 -1.856561 -2.695972 
C 1.395339 -3.210886 -0.306978 
H -2.341993 3.104942 -2.719144 
H -2.10244 5.55293 -2.404386 
H -1.065159 6.438431 -0.337257 
H -0.264578 4.878446 1.415106 
H -3.880985 -2.686675 2.128959 
H -5.016788 -4.399698 0.741704 
H -4.006642 -5.133968 -1.393645 
H -1.839794 -4.179269 -2.129377 
H 4.313431 -1.923361 2.26877 4 
H 6.350623 -2.153663 0.873645 
H 6.416948 -1.170173 -1.396462 
H 4.449543 0.061687 -2.266815 
H -5.202211 0.767081 -0.28004 
H -4.113418 2.077393 -1.009514 
H -3.275412 -0.693317 -0.043215 
H 2.042148 2.564883 1.642156 
H 1.11252 3.307089 2.921119 
H 1.612041 1.638637 3.060157 
H -1.258051 0.799679 3.527812 
H -1.765545 2.466361 3.395206 
H -2.503786 1.245468 2.386612 
H 2.278295 0.821526 -3.394522 
H 1.323989 -0.59161 -3.015748 
H 0.562375 0.977675 -3.106451 
H 1.103149 3.063697 -0.963399 
H 2.191009 2.708728 0.357872 
136 
H 2.819417 2.918624 -1.259115 
H 0.024403 -2.799953 -3.196359 
H -0.725187 -1.232669 -3.016073 
H 1.012395 -1.384075 -2.934584 
H 2.320984 -2.730473 -0.543788 
H 1.338661 -3.374228 0.748505 
H 1.339166 -4.1488 -0.817142 
Table 5: Optimized co-ordinates for [(PBTj,(PBT'C,H 3)Ruj with Sulfur trans to phosphorus (tP) 
Atoms X Y Z 
Ru 0.203597 -0.202334 o 110233 
S -1.470505 -0.654637 1.56969 
S -1.02878 1.421189 -0.867923 
S 1.722674 -0.097287 -1.503537 
P -0.727626 -1.945182 -1.142218 
P 1.252764 1.551853 1.251855 
P 1.418049 -1.648705 1.554639 
C -2.7458 -1.610026 0.746568 
C -4.020032 -1.760953 1.306324 
C -5.004153 -2.472454 0.605411 
C -4.703855 -3.017444 -0.656567 
C -3.427188 -2.873658 -1.202725 
C -2.451877 -2.182683 -0.484791 
C -0.391839 3.034559 -0.429138 
C -0.786814 4.175442 -1.119845 
C -0.393552 5.433073 -0.635699 
C 0.394152 5.536088 0.528811 
C 0.837873 4.369203 1.1695 
C 0.491503 3.133646 0.635551 
C 3.069142 -0.972602 -0.833041 
C 4.283028 -0.988943 -1.537302 
C 5.360139 -1.734931 -1.057106 
C 5.218046 -2.467901 0.121978 
C 4.019913 -2.427979 0.837561 
C 2.932113 -1.656055 0.38928 
C -2.700842 1.248587 -0.288318 
C -3.73566 1.623871 -1.078198 
H -4.23657 -1.333109 2.265215 
H -5.980483 -2.600384 1.030393 
H -5.458692 -3.539193 -1.192242 
H -3.202054 -3.283189 -2.164574 
H -1.388916 4.098857 -2.003076 
H -0.691228 6.326534 -1.149278 
H 0.658661 6.50092 0.91765 
H 1.44234 4.421727 2.044202 
H 4.376818 -0.432002 -2.445244 
H 6.288911 -1.735468 -1.601509 
H 6.032597 -3.05499 0.473854 
H 3.926494 -2.990934 1.747525 
137 
H -2.887752 0.852737 0.682314 
H -3.53998 2.008113 -2.063109 
H -4.7 49124 1.540247 -0.718788 
H -0.801838 -1.647845 -2.515833 
H 0.058546 -3.090272 -0.967815 
H 2.47639 -1.676736 2.467445 
H 0.796943 -0.843219 2.520028 
H 2.620067 1.507944 0.931937 
H 1.112817 1.462177 2.645304 
Table 6: Optimized co-ordinates for [(PBTj,(PBT'C,H 3)Ruj with Sulfur trans to sulfur (tS) 
Atom X Y Z 
Ru -0.086401 -0.064536 0.104907 
S -1.801536 -0.782225 -1.179273 
S 0.074665 -2.1585 0.821053 
S 1.598351 0.691627 1.409411 
P -1.754648 0.176221 1.713348 
P 1.386407 -0.423807 -1.714597 
P -0.298458 2.182358 -0.463873 
C -3.301597 -0.008505 -0.57723 
C -4.429392 0.156876 -1.388856 
C -5.570615 0.788694 -0.866988 
C -5.576944 1.254389 0.460512 
C -4.442834 1.086687 1.270004 
C -3.315881 0.44954 0.742395 
C 1.697528 -2.541292 0.312925 
C 2.418896 -3.551057 0.962531 
C 3.719951 -3.852786 0.552446 
C 4.294274 -3.143284 -0.506644 
C 3.568999 -2.131904 -1.152422 
C 2.260131 -1.814612 -0.749943 
C 2.231548 2.191936 0.654312 
C 3.524948 2.659485 0.912885 
C 3.982087 3.823223 0.272151 
C 3.146412 4.511822 -0.626212 
C 1.848137 4.043039 -0.877965 
C 1.400033 2.891384 -0.224849 
C -1.931854 -2.553044 -1.052886 
C -2.700016 -3.108819 -0.084443 
H -4.42231 -0.194719 -2.399442 
H -6.437601 0.91685 -1.480964 
H -6.447458 1.73712 0.853145 
H -4.441156 1.441949 2.279336 
H 1.974003 -4.09103 1.771971 
H 4.274091 -4.623284 1.046617 
H 5.289677 -3.372515 -0.825259 
H 4.017698 -1.594599 -1.961964 
H 4.161775 2.133297 1.592979 
H 4.969399 4.18631 0.467532 
138 
H 3.500911 5.39394 -1.117282 
H 1.208229 4.561928 -1.560828 
H -2.778745 -4.17325 -0.009105 
H -3.227792 -2.483145 0.604766 
H -1.403654 -3.178918 -1.741514 
H 2.711366 -0.156819 -2.079643 
H 1.261815 0.970324 -1.741361 
H -1.214112 2.808782 0.390163 
H -0.733859 2.341157 -1.784863 
H -1.847855 -0.989212 2.483639 
H -1.498824 1.258758 2.563598 
Table 7: Optimized Cartesian Coordinates for [Ru"(DPPBT)(DPPBT-OH)(DPPBT-O,)] 
B3L YP functional with 6-31g(d) basis set with Ru LALN2DZ 
Center # Atomic # X Y Z 
1 44 0.029908 -0.498565 -0.114914 
2 16 0.038947 -0.117135 -2.564721 
3 16 -0.051740 -2.874173 -0.717645 
4 16 0.210929 -0.914135 2.215758 
5 15 0.041812 1.909006 0.053045 
6 15 -2.428974 -0.755264 -0.101380 
7 15 2.453983 -0.758771 -0.138380 
8 8 0.018133 -3.867223 0.610707 
9 1 -0.223255 -3.309522 1.426530 
10 8 -0.373771 -2.265588 2.616405 
11 8 -0.185255 0.183419 3.161439 
12 6 -0.046857 1.637359 -2.749153 
13 6 -0.072435 2.550106 -1.669792 
14 6 -0.196460 3.929696 -1.935229 
15 1 -0.254932 4.627023 -1.104834 
16 6 -0.263129 4.418600 -3.234539 
17 1 -0.359077 5.485693 -3.413099 
18 6 -0.210456 3.515235 -4.304587 
19 1 -0.259653 3.878564 -5.328418 
20 6 -0.108416 2.152521 -4.065398 
21 1 -0.084083 1.453608 -4.897150 
22 6 1.515826 2.768633 0.813301 
23 6 2.227531 3.781614 0.153010 
24 1 1.986571 4.044158 -0.869132 
25 6 3.269041 4.455958 0.793409 
26 1 3.803478 5.238250 0.260652 
27 6 3.626913 4.126893 2.100543 
28 1 4.433783 4.658238 2.598934 
29 6 2.947713 3.099520 2.755895 
30 1 3.222694 2.819246 3.769536 
31 6 1.907065 2.421309 2.118694 
32 1 1.391580 1.627989 2.648991 
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33 6 -1.339400 2.817003 0.928913 
34 6 -1.313707 2.996645 2.323706 
35 1 -0.517355 2.568494 2.915426 
36 6 -2.328021 3.702940 2.970873 
37 1 -2.280927 3.831464 4.049148 
38 6 -3.391070 4.242237 2.243677 
39 1 -4.175936 4.798716 2.749549 
40 6 -3.437377 4.054602 0.863486 
41 1 -4.263360 4.453918 0.281642 
42 6 -2.425452 3.344509 0.212285 
43 1 -2.489700 3.210347 -0.860257 
44 6 -1.717089 -3.181462 -1.325113 
45 6 -2.759767 -2.276995 -1.104808 
46 6 -4.024604 -2.571121 -1.636442 
47 1 -4.846112 -1.878622 -1.484305 
48 6 -4.236531 -3.746496 -2.356859 
49 1 -5.222514 -3.957772 -2.761742 
50 6 -3.186498 -4.644389 -2.565260 
51 1 -3.349046 -5.555346 -3.134466 
52 6 -1.922266 -4.359175 -2.054086 
53 1 -1.090656 -5.037171 -2.220883 
54 6 -3.241582 -1.149724 1.511583 
55 6 -3.826058 -2.396844 1.776976 
56 1 -3.816819 -3.179370 1.026901 
57 6 -4.419897 -2.651031 3.014058 
58 1 -4.861884 -3.625383 3.205070 
59 6 -4.442852 -1.663925 3.999364 
60 1 -4.904772 -1.864171 4.962626 
61 6 -3.858670 -0.422323 3.745359 
62 1 -3.855650 0.349811 4.509568 
63 6 -3.253915 -0.167723 2.515245 
64 1 -2.782004 0.793065 2.349240 
65 6 -3.640425 0.405935 -0.901925 
66 6 -4.803291 0.851136 -0.256829 
67 1 -5.006438 0.560127 0.767106 
68 6 -5.712839 1.676778 -0.923356 
69 1 -6.608864 2.010047 -0.406103 
70 6 -5.474218 2.070553 -2.239858 
71 1 -6.182475 2.713506 -2.756127 
72 6 -4.321614 1.625765 -2.892837 
73 1 -4.124988 1.921972 -3.919729 
74 6 -3.414176 0.796874 -2.233600 
75 1 -2.528919 0.446652 -2.753276 
76 6 1.993240 -1.174817 2.590671 
77 6 2.967521 -1.157172 1.591781 
78 6 4.287536 -1.508291 1.939777 
79 1 5.052908 -1.559820 1.171607 
80 6 4.616472 -1.810299 3.258036 
81 1 5.639229 -2.076544 3.510673 
82 6 3.630890 -1.781165 4.252793 
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83 1 3.889000 -2.016973 5.281862 
84 6 2.316207 -1.474429 3.918664 
85 1 1.530049 -1.473985 4.667180 
86 6 3.596906 0.580261 -0.726353 
87 6 3.393188 1.109815 -2.013274 
88 1 2.537555 0.790278 -2.598046 
89 6 4.273311 2.054087 -2.543040 
90 1 4.097110 2.445040 -3.541616 
91 6 5.364176 2.497493 -1.794558 
92 1 6.052326 3.230102 -2.208206 
93 6 5.552965 2.006322 -0.502919 
94 1 6.382453 2.363356 0.101695 
95 6 4.676586 1.059267 0.030082 
96 1 4.832068 0.716212 1.044928 
97 6 3.100833 -2.240807 -1.061750 
98 6 3.461243 -2.161740 -2.415656 
99 1 3.420487 -1.215674 -2.940510 
100 6 3.888919 -3.296429 -3.106204 
101 1 4.168615 -3.209673 -4.152842 
102 6 3.961299 -4.530893 -2.459649 
103 1 4.297364 -5.412785 -2.998671 
104 6 3.595658 -4.623566 -1.116737 
105 1 3.637246 -5.579294 -0.601366 
106 6 3.166121 -3.491043 -0.423435 
107 1 2.865054 -3.596092 0.612518 
Table 8: Optimized Coordinates for [Ru"'(DPPBT)(DPPBT-O)(DPPBT-O,l] 
B3L YP functional with 6-31g(d) basis set with Ru LALN2DZ 
Center # Atomic # X Y Z 
1 44 0.046598 -0.502788 -0.116964 
2 16 0.079655 -0.098600 -2.576794 
3 16 -0.112202 -2.841414 -0.558157 
4 16 0.180328 -0.917876 2.237597 
5 15 0.046084 1.911788 0.053778 
6 15 -2.443667 -0.748110 -0.127628 
7 15 2.466373 -0.766358 -0.107249 
8 8 0.522125 -4.024784 0.152405 
9 8 -0.502965 -2.173200 2.671854 
10 8 -0.100154 0.281848 3.105496 
11 6 -0.052530 1.652853 -2.750992 
12 6 -0.095848 2.556228 -1.664985 
13 6 -0.255675 3.934658 -1.916600 
14 1 -0.324764 4.623261 -1.079743 
15 6 -0.341653 4.431906 -3.211448 
16 1 -0.465152 5.497632 -3.380752 
17 6 -0.271701 3.538991 -4.289287 
18 1 -0.335440 3.909627 -5.309654 
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19 6 -0.133546 2.177375 -4.062490 
20 1 -0.095232 1.486467 -4.900316 
21 6 1.532096 2.766415 0.791089 
22 6 2.224977 3.779264 0.110086 
23 1 1.965514 4.032026 -0.910018 
24 6 3.269306 4.468308 0.729453 
25 1 3.789434 5.249962 0.181925 
26 6 3.647719 4.154582 2.034642 
27 1 4.456325 4.698208 2.516728 
28 6 2.987634 3.126944 2.708485 
29 1 3.279331 2.858799 3.720753 
30 6 1.944487 2.432048 2.093484 
31 1 1.439704 1.638951 2.635645 
32 6 -1.327411 2.812461 0.940162 
33 6 -1.256116 3.075837 2.319535 
34 1 -0.417259 2.722202 2.901185 
35 6 -2.277907 3.773231 2.964420 
36 1 -2.196953 3.967920 4.030567 
37 6 -3.392051 4.218786 2.250339 
38 1 -4.183532 4.767154 2.754668 
39 6 -3.480205 3.951497 0.885014 
40 1 -4.343673 4.281360 0.314274 
41 6 -2.460410 3.251509 0.235632 
42 1 -2.551659 3.059228 -0.826233 
43 6 -1.757677 -3.313472 -1.056412 
44 6 -2.769318 -2.348360 -1.010880 
45 6 -4.026009 -2.691176 -1.531691 
46 1 -4.831733 -1.964615 -1.510594 
47 6 -4.255757 -3.965382 -2.052099 
48 1 -5.235384 -4.212904 -2.451298 
49 6 -3.238522 -4.926073 -2.049494 
50 1 -3.424809 -5.920430 -2.445241 
51 6 -1.978990 -4.602416 -1.553443 
52 1 -1.168906 -5.324768 -1.549061 
53 6 -3.273481 -1.033130 1.500743 
54 6 -3.898185 -2.243991 1.832745 
55 1 -3.904351 -3.071583 1.133422 
56 6 -4.508231 -2.406249 3.077025 
57 1 -4.979731 -3.354475 3.321161 
58 6 -4.506846 -1.363468 4.003318 
59 1 -4.980677 -1.493242 4.972830 
60 6 -3.880821 -0.158403 3.683161 
61 1 -3.855906 0.656534 4.401011 
62 6 -3.260119 0.004540 2.445629 
63 1 -2.754130 0.936631 2.230295 
64 6 -3.641183 0.353076 -1.022505 
65 6 -4.817341 0.824541 -0.420310 
66 1 -5.032880 0.586659 0.614708 
67 6 -5.719660 1.607987 -1.144470 
68 1 -6.626640 1.961953 -0.661191 
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69 6 -5.459582 1.933996 -2.475664 
70 1 -6.161301 2.545968 -3.036463 
71 6 -4.293994 1.462564 -3.085001 
72 1 -4.081271 1.707073 -4.122133 
73 6 -3.393562 0.673840 -2.368843 
74 1 -2.496216 0.304628 -2.853687 
75 6 1.956862 -1.270190 2.594355 
76 6 2.950503 -1.216614 1.614032 
77 6 4.267000 -1.573979 1.973170 
78 1 5.047803 -1.590222 1.219108 
79 6 4.572871 -1.933092 3.282407 
80 1 5.592373 -2.204546 3.542590 
81 6 3.566404 -1.958064 4.255858 
82 1 3.804177 -2.244286 5.277096 
83 6 2.258309 -1.637182 3.910461 
84 1 1.457433 -1.679279 4.642106 
85 6 3.627793 0.573928 -0.662043 
86 6 3.450622 1.125415 -1.943310 
87 1 2.590389 0.843129 -2.539684 
88 6 4.358607 2.054118 -2.451543 
89 1 4.202825 2.461793 -3.446884 
90 6 5.452036 2.461617 -1.686383 
91 1 6.163027 3.181080 -2.084140 
92 6 5.612520 1.952913 -0.398056 
93 1 6.442595 2.283329 0.220754 
94 6 4.707564 1.020625 0.113439 
95 1 4.841827 0.662463 1.125960 
96 6 3.080047 -2.210456 -1.113587 
97 6 3.156365 -2.112844 -2.513988 
98 1 2.870665 -1.198410 -3.016938 
99 6 3.585080 -3.195188 -3.281775 
100 1 3.638995 -3.093704 -4.362493 
101 6 3.940460 -4.398197 -2.669062 
102 1 4.277262 -5.240005 -3.268448 
103 6 3.849839 -4.512816 -1.282892 
104 1 4.105720 -5.447826 -0.791935 
105 6 3.417564 -3.432435 -0.510753 
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